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Abstract
Biological-inspired algorithms became an attractive topic in the development of odor-plume
tracking robot owing to the highly efficient performance and the adaptability to cope with uncertainty
in the real-world application despite the simplicity of the algorithm. Several studies have revealed
that other than odor cue insects also require visual cue during odor source localization to successfully
locate the odor source. Furthermore, studies have also suggested that the response to motion vision
(optic flow) is dependent on the ongoing behavioral repertoires (collision avoidance or odor-plume
tracking) and locomotion states (resting or walking/flying). In the male silkmoth, Bombyx mori, de-
tection of the female sex pheromone triggers a programmed walking pattern, starting from a surge and
followed by a zigzag walking. Due to the differences in functions and mechanisms, it is highly likely
that optic flow plays different roles during these two sequential states of odor-source localization.
To address this question in multiple aspects, we carried out a multidisciplinary research consisting a
behavioral study, an anatomical study and a computer simulation study.
Firstly, the behavioral experiments was conducted on tethered-walking silkmoths by monitor-
ing the pheromone-triggered behavioral response when presented with pheromone and visual motion
stimuli in combination. Two different pheromone stimulus patterns were used to allow monitoring of
surge and zigzagging separately, and the experiments were conducted under both open- and closed-
loop visual stimuli conditions. As a result, we found that the use of optic flow input was determined
by the behavioral state of surge and zigzagging. Precisely, the silkmoth exhibited an optomotor re-
sponse during surge by turning towards the same direction as optic flow with turning angular velocity
correspondent to the strength of the stimulus. However, the similar behavioral response was not ob-
served during zigzagging. Unlike visual modulation of turning angular velocity during surge, the
durations of zigzag turns were modulated by accelerated optic flow. The state-dependent use of optic
flow observed in this study is a novel finding, and would provide a promising strategy for odor-source
localization.
Considering the neural basis of innately programmed behavior in the silkmoth, we speculated
based on the results from the behavioral study that there exist two neural pathways involving in the
state-dependent use of optic flow during odor-source localization. The candidate pathways are: 1) a
modulation of turn angular velocity during surge by a direct connection between visual interneurons
and descending neurons carrying motor command in the posterior slope, and 2) a modulation of turn
duration during zigzagging by visual input to the lateral accessory lobe, a premotor center which
generates control signals for zigzag walking. To address this hypothesis, the visual pathways in the
silkmoth’s brain was investigated by mass-staining the optic lobe, a primary visual processing center.
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The confocal imaging revealed severals pathways connecting optic lobe to other brain areas including
the anterior optic tubercle (AOTu), lateral accessory lobe (LAL), ventrolateral protocerebrum (VLP),
posterior slope (PS), mushroom body (MB) and the opposite optic lobe (OL). Both the PS and LAL
which were hypothesized to be the sites for multisensory integration were labelled by fluorescent dye,
suggesting direct connections to the optic lobe. This study provides a first comprehensive evidence
for visual pathways in the silkmoth’s brain. Based on the result together with literature review on
olfactory pathway in the silkmoth and visual pathways in other arthropods, we speculated the neural
circuitries underlying multisensory integration and sensorimotor control during surge and zigzagging.
Lastly, a computer simulation study was conducted in order to evaluate the role of visual modula-
tion during surge and zigzagging and to propose a silkmoth-based algorithm for odor-plume tracking.
The result from the behavioral study suggested that the appropriate strategy for odor-source localiza-
tion is to perform optomotor response only during surge but not during zigzagging. Although a visual
modulation of zigzag walking pattern was also observed, its function was unknown. In this study,
the performance of the searcher was tested under abundant and scarce odor cue conditions to allow
evaluation of surge and zigzagging algorithm separately. The result confirmed the benefit of optomo-
tor response during surge by providing a course correction strategy to deal with motor perturbation,
while suggested no obvious benefit of visual modulation of zigzag pattern. To improve the odor-plume
tracking model, a role of positive chemotaxis during surge was validated in this simulation platform.
As expected, the use of bilateral olfactory inputs by performing positive chemotaxis improved the per-
formance of the odor-plume tracking model by providing a strategy for accurately orienting toward
odor source. The combination use of optomotor response and chemotaxis was then evaluated, and
the result showed that a high success rate of locating source under the influence of motor perturbation
was obtained without the need of strong sensory gain. This suggests a robustness and efficacy of
the multisensory integration surge algorithm which is less dependent to any single sensory input and
also susceptible to perturbation and uncertainty. Therefore, we proposed a novel odor-plume tracking
model which comprises a multisensory integration surge algorithm for accurately orienting toward
odor source and a programmed zigzag walking pattern for zigzagging algorithm which is simple but
efficient for exploring the surrounding environment for further odor cue.
This research provides contribution to the developments in both biological and engineering re-
searches by deepening our understanding of the design principle underlying biological system and
also providing a promising model for robotic applications.
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CHAPTER 1
Introduction
1.1 Background of the problem
In these recent years, chemical plume tracking has become an attractive research topic owing to
the advance in chemical sensing technology. Also, its applications may make significant contribute
to various fields such as searching for toxic gas leaks in factory, searching for victims of earthquakes
or avalanches, or searching for drug and explosive substance for customs service (Russell, 2001).
Odor-sensing robot can be used instead of trained animals which require extensive training, expert
handler and suffers from fatigue (Langer, 1996).
The research on odor-source localization robot has begun since early 1990s (Kowadlo and Rus-
sell, 2008), and so far the robot could not outperform their biological counterpart (Pyk et al., 2006).
As biological organisms have evolved themselves for many millions years to cope with the real en-
vironment with uncertainty, the studying from biological organism should promise models that lead
to practical application in the real world. Therefore, many researchers are interested in studying bio-
logical organism as a model for odor-source localization which could provide guidelines for further
improvement of odor searching algorithm for robotic applications and also lead to insight understand-
ing of the design principles of biological systems.
Several biomimetic odor-source localization models have been proposed and evaluated on var-
ious platforms, and studies yields intriguing results (Kowadlo and Russell, 2008; Li et al., 2001;
Russell et al., 2003; Voges et al., 2014). The attractive organisms from which the inspiration has been
drawn are E. coli bacteria, beetles, and flying and walking moths (Kowadlo and Russell, 2008). In this
study, the silkmoth was chosen as a model for odor-source localization due to its ability to efficiently
track the highly-intermittent pheromone plume and locate the pheromone source from a long distance
under high uncertainty (Riddiford, 1974). Moreover, as the adult silkmoth only performs mating be-
havior without the requirement of foraging, this extremely limited numbers of behavior repertoire
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provides an excellent model for our study due to the ease of experimental environment control.
Other than olfactory information, previous studies have been suggested that insects also re-
quire visual information for efficient odor-source localization (Frye et al., 2003; Willis et al., 2011).
These studies suggested that insects utilize wide-field visual-motion information input, namely optic
flow, to realize their own locomotion during maneuver which is crucial for successfully locating odor
source. Also, studies in flies and moths have suggested that behavioral and neural responses to optic
flow is dependent on the behavioral states (collision avoidance or odor-plume tracking) (Chow and
Frye, 2008; Chow et al., 2011; Olberg and Willis, 1990) and the locomotion states (resting or walk-
ing/flying) (Haag et al., 2010; Chiappe et al., 2010; Maimon et al., 2010; Jung et al., 2011). Because
the odor-source localization can be divided into substates based on their functions and mechanisms
(e.g. ‘run’ and ‘tumble’ in the E. coli, ‘run’ and ‘pirouette’ in the C. elegans, ‘surge’ and ‘cast’
in the flying moth, and ‘surge’ and ‘zigzagging’ in the silkmoth (Gomez-Marin et al., 2010; Lo´pez
et al., 2011; Kanzaki et al., 2004)), we hypothesized that multisensory integration between vision and
olfaction differs between different substates of odor-source localization.
In this dissertation, the above hypothesis was addressed by using multidisciplinary approach.
First of all, the effect of visual stimulation (i.e. optic flow) on pheromone-triggered behavioral re-
sponse was examined by conducting a behavioral experiment on the tethered silkmoth. The results
from this study allowed further speculation on neural mechanisms underlying the sensory processing
and locomotion control during odor-source localization, and also led to a proposal of odor-plume
tracking model. To deepen our understanding about the neural circuitry that is responsible for the
generation of pheromone-triggered behavior and involves the interaction between visual and olfac-
tory information, the neuroanatomical study was carried out. Even though how optic flow modulates
pheromone-triggered behavior was elucidated in the behavioral study, its function and role during the
whole task of locating odor source had yet to be validated. Therefore, the computer simulation study
was conducted to evaluated the model based on the behavioral study to give us an insight understand-
ing about the role and benefit of the use of optic flow during odor-source localization. Also, this
computational study allowed further improvement of the odor-plume tracking model by enabling the
evaluation of multisensory integration odor-plume tracking model in which the visual and bilateral
olfactory inputs were exploited.
1.2 Purpose of study
The first aim of this study is to elucidate the multisensory integration between olfactory and optic
flow input during pheromone-source localization of the male silkmoth by focusing on behavioral
level, and then propose a model for odor-plume tracking. As mentioned earlier, recent studies has
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shown that insects required optic flow information during odor-source localization. Nevertheless,
how the role of vision during this behavior in the silkmoth was unclear. Based on previous studies,
pheromone stimulus normally triggers a programmed walking behavior which consists of surge (a
straight-line walking toward the direction with higher pheromone concentration) and followed by
zigzagging (a turning from side to side around itself) (Kanzaki, 1996, 1998; Kanzaki et al., 1992).
The main aim of this study is to investigate how optic flow input modulates these sequential behavioral
states. This kind of sequential-state dependent multi-sensory integration would lead to a novel model
for odor–source localization which can further contribute to robotic applications.
The second aim is to examine the interaction between visual and olfactory processing pathways
in the silkmoth’s brain. Based on the result from behavioral study alone, we could elucidate how
visual input modulates each sequential behavioral state in the behavioral level. However, further
anatomical study at the neural network level would give insight into the neural circuitry underlying
state-dependent multi-sensory integration between vision and olfaction. The result could shed light
on further understanding of biological design underlying odor-source localization in the silkmoth, and
could even lead to further development of a more efficient model for odor-source localization.
The final aim of this study is to propose an odor-plume tracking model based on the model evalu-
ation by computer simulation. In this study, the result from behavioral study was evaluated for insight
understanding of state-dependent visual modulation of behavior, and the benefit of exploiting multi-
sensory information (optic flow and stereo olfaction) during odor-source localization was investigated
in order to propose a model for highly efficient odor-plume tracking which could be implemented in
robotic applications.
1.3 Significance of the study
Whilst the olfaction is considered the key stimuli for odor-source localization, insects also use
other sensory information when performing this task in order to cope with the uncertainty in the real
environment. The aim of this study is to elucidate the role of vision input, i.e. optic flow, during
pheromone-source localization of the male silkmoth. The result from this study contributes to both
biological science by providing an insightful explanation for this biological phenomenon, and also
contribute to engineering field by providing an inspiration for odor-plume tracking algorithm for
robotic applications.
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1.4 Scope of the study
To understand the multi-sensory integration mechanism during odor-source localization in the
male silkmoth, we first conducted a behavioral study to investigate the behavioral response of the
tethered moths to the both vision and olfactory stimuli during different behavioral states, surge and
zigzagging. The behavioral response of the silkmoth was recorded under both open-loop and closed-
loop visual stimuli conditions. The performance of the moth was monitored during the experiment and
then the statistical analyses were used to interpret the experimental data. Based on the experimental
result, we speculated the neural circuit underlying this behavior and proposed a model for multi-
sensory integration odor-source localization.
Then, the anatomical study was conducted in order to confirm the hypothesis on the neural
circuit underlying locomotion control during odor-source localization. In this study, the visual path-
ways in the silkmoth central brain was examined by using a mass-stain method. Based on the result,
together with literature review about the visual processing pathway in other insect species and the
olfactory processing pathway in the silkmoth allowed a speculation on the interaction between visual
and olfactory pathway involving generation of motor control signal for odor-plume tracking.
To gain insightful understanding about the role and function of optic flow during odor-source
localization, the proposed model based on the behavioral study was evaluated by a computer simula-
tion. This allowed flexibility in adjustment of algorithm parameters and evaluation of the searcher’s
performance under various different environmental conditions. In this study, the performance of surge
and zigzagging algorithms were evaluated separately by testing under abundant and scarce odor cue
condition respectively. By taking this approach, we could evaluate how the state-dependent use of
optic flow observed in behavioral study improved the performance of odor-source localization. Also,
the benefit and significance of a positive chemotaxis by using stereo olfaction and a multisensory inte-
gration during odor-plume tracking was also investigated, which led to a proposal of a highly efficient
odor-plume tracking model.
1.5 Structure of thesis
This dissertation is divided into six chapters. Chapter 1 covers the introduction for this disser-
tation which includes the background of the problem, purpose of study, significance of study, and
scope of study. Chapter 2 is devoted to background materials focusing on related biological back-
ground to this study. Chapter 3 is devoted to the behavioral study on state-dependent multi-sensory
integration during odor-source localization in the male silkmoth. The ethological implications of the
observed behavioral response and further speculation on the neural mechanism and pathway underly-
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ing this behavior is discussed at the end of this chapter. Chapter 4 is devoted to anatomical study on
visual pathways in the silkmoth’s brain and the tentative sites for multisensory interaction between
vision and olfaction. The speculation for neural circuitries underlying state-dependent multi-sensory
integration observed in behavior level will also be discussed in this chapter. Chapter 5 is devoted
to a computer simulation study for evaluation of visual modulation of pheromone-triggered behavior
observed in the behavioral study, and for evaluation of state-dependent multisensory integration odor-
plume tracking model for a proposal of a promising model that is highly efficient and robust. Lastly,
chapter 6 is devoted to the conclusions and final remark from this dissertation.
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CHAPTER 2
Literature review
2.1 Odor-source localization
Odor-source localization is the act of locating odor source by tracing the odor plume in the real
environment which fluctuated and intermittent. Up to now, several odor-source localization mod-
els have been proposed based on both artificial intelligent models (such as Braitenberg vehicle and
infotaxis) and bio-inspired models (such as E.coli, ant-like trial following, and male silkmoth algo-
rithm) (Kowadlo and Russell, 2008). Among these, bio-inspired models have drawn attraction from
researchers due to their high efficiency and robustness when performing in the real world. A recent
study has shown that bio-inspired model performed better than artificial intelligent model as the robot
successfully localized to source by taking a shorter distance (Voges et al., 2014).
For insects, odor-source localization is a crucial behavior task which is implemented during
matting, foraging and host-finding. Male moths possess an astonishing ability to track a highly-
intermittent and fluctuating sex-pheromone plume and successfully locate its source from relatively
long distances (Collins and Potts, 1932; Wall and Perry, 1987; Willis and Baker, 1984). Localization
toward an odor source by male moths has been widely investigated over many decades. In the case
of flying male moths, the moth commonly utilize a combination of optomotor anemotaxis (upwind
surge by optomotor response) and self-steering counterturning (casting or zigzagging) when tracking
sex-pheromone plume (Baker, 1990; Vickers and Baker, 1996; Willis and Baker, 1984). The upwind
surge response is initiated shortly after the moth encounters the pheromone filaments (Vickers and
Baker, 1996). When tracking a pheromone plume with high frequency dispersion, moths perform a
reiterative upwind surge due to high encounter rate of pheromone filaments, which results in straighter
flight (Mafra-Neto and Carde´, 1994; Vickers and Baker, 1996). It is believed that the function of the
reiterative upwind surge is to reorient towards the pheromone source (Murlis et al., 1992). However,
when the moths lose contact with pheromone plume, they initiate intermediate self-steering coun-
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terturning during upwind flight, which frequently occurs when maneuvering through a meandering
plume during which the moth frequently lose contact with pheromone plume (Mafra-Neto and Carde´,
1994; Murlis et al., 1992; Vickers and Baker, 1996; Willis and Baker, 1994). This counterturning,
which includes both zigzagging and casting behavior, is a self-steering mechanism, presumably an
intrinsically programmed behavior, and its function is to regain contact with the wind-borne odor
(Murlis et al., 1992; Kennedy, 1983). (Note that the terms zigzagging and casting are differentiated
by the size of turn angles of alternate turns. For zigzagging, the turn angles of alternate turns are less
than 180◦, while they are around 180◦ for casting). A similar odor tracking behavior also observed
in walking moths including male silkmoths (Kanzaki et al., 1992). The ethological implications for
the two behavioral states (surge and zigzagging) are presumably similar to those of the flying moth as
mentioned above. Moreover, this zigzag-like odor tracking strategy has also been observed in other
animals, such as crab, fish and birds (DeBose and Nevitt, 2008; Vickers, 2000).
The odor-source localization strategy of the male silkmoth, Bombyx mori, has been well eluci-
dated over the past decades. When encountering with pheromone filaments, the moth exhibits a pro-
grammed pheromone-triggered walking pattern which is divided into three sequential phases: surge,
zigzagging and the loop (Fig. 2.1A). The surge is elicited shortly after pheromone encountering dur-
ing which the moth chemotaxis to reoriented walking direction by turning towards the direction of
the higher pheromone concentration perceived by the left and right antennae (Takasaki et al., 2012).
When the moths loses the pheromone contact, they initiate zigzag walking or alternate turn from
side to side which serves as a local-search mechanism for further pheromone cue. After several
zigzag turns, the moth eventually performs a loop or spiraling by making a larger turn of more than
360◦, resulting in rotation around its body center. Note that this behavior is typically observed in
walking insects. When the silkmoth detects an additional pheromone cue, this behavioral sequence
restarts from the beginning (Kanzaki, 1996, 1998; Kanzaki et al., 1992). At the far distance from the
pheromone source, the moths encounter pheromone filaments less frequent than nearer side, resulting
in more complex walking pattern. When getting closer to pheromone source, the moths perform reit-
erative surges as pheromone encounter rate increases, which results in straighter walking trajectories
(Kanzaki et al., 1992) (Fig. 2.1B). Previous neurophysiological studies on this pheromone-triggered
behavior have demonstrated that surge and zigzagging are generated by two different neural circuits
and that the loop is presumably a part of zigzagging and controlled by the same neural circuit (Kan-
zaki, 1996; Kanzaki et al., 2004; Wada and Kanzaki, 2005).
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Figure 2.1. Pheromone-source localization of the male silkworm moth, Bombyx mori. (A) A pheromone-
triggered programmed walking pattern of the male silkmoth which consists of surge, zigzagging and loop.
B) The illustration for walking trajectory during pheromone-source localization. When the moth encounters
additional pheromone cue, the programmed walking pattern is restarted from the beginning. At the far
distance from the pheromone source, moth performs complex walking pattern with zigzagging and loop.
When the moth gets closer to pheromone source, it performs a reiterative surges which results in a straighter
walking trajectory. (from Pansopha et al. (2014)).
2.2 Multisensory integration during odor-source localization
In this recently years, multisensory integration has become an attractive research topic and has
been studied in various animal species including insects, fish and mammals (Moller, 2002; Stein and
Stanford, 2008; Wessnitzer and Webb, 2006). Many studies have revealed that multisensory integra-
tion plays a crucial role during insect orientation and navigation. For example, the cockroach Blaberus
discoidalis utilises both visual and mechanosensory inputs for path selection when encountering ob-
stacles (Harley et al., 2009). The honeybees Apis mellifera uses visual and olfactory associative
learning for foraging behavior (Giurfa, 2007).
During odor-source localization, animals normally acquire and integrate multiple sensory inputs
in order to cope with highly unpredictable environments. Studies show that besides olfactory infor-
mation, animals also require other sensory input such as fluid direction and optic flow (Vickers, 2000).
In walking and flying insects, heading upwind is a behavioral response that is widely observed when
they are in contact with odor plume (Carde´ and Willis, 2008; Murlis et al., 1992). This suggested that
detection of wind direction is important during navigation toward odor source. A recent study also
showed that cockroach Periplaneta Americana (L.) requires simultaneously detection of both wind
and odor during odor-plume tracking in order to operate efficiently (Willis et al., 2008). Studies in
flying moth suggested that the direction of the wind is determined by sensing the wind-induced drift-
ing of optic flow to realize its own displacement relative to the surrounding, and this mechanism is
termed optomotor anemotaxis (Carde´ and Mafra-Neto, 1997; Vickers, 2000). While mechanosensors
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(e.g. antennae, mechanosensory hairs) could only be used to estimate wind speed during maneuver-
ing through the air (Carde´ and Mafra-Neto, 1997). However, for walking insects mechanosensors
could provide information on direction and speed of the wind because the insects maintain constant
contact with the ground (Bell and Kramer, 1979). For robotic application, several bio-inspired algo-
rithms for odor-plume tracking have been proposed based on olfactory input alone or together with
mechanosensory inputs, (Kowadlo and Russell, 2008).
Other than information about direction of wind, insects also require visual information to per-
form odor-source localization efficiently. Studies in the fruit fly and the flying moth have demon-
strated that to perform odor-source localization effciently these flying insects required visual infor-
mation to enable accurate orientation toward an attractive odor (Duistermars and Frye, 2008; Frye
et al., 2003; Willis et al., 2011). Also, the visual stimuli induced by object-motion could modu-
late the rate of counterturning in the flying moth Manduc secta (L.) (Verspui and Gray, 2009). On
the contrary, attractive odor can in turn modulate visual control of flight in the fruit fly Drosophila
melanogaster, by inducing a straighter flight towards an odor source during odor-plume tracking
(Chow and Frye, 2008; Chow et al., 2011). In the male gypsy moth Lymantria dispar (L.), the visual
response of the descending neurons in the ventral nerve cord can be amplified by pheromone (Ol-
berg and Willis, 1990). These studies suggest cross-modal interactions between olfaction and vision
during odor-source localization.
In the case of the male silkmoth, visual information is utilized during pheromone-source local-
ization to compensate for unintentional turning (Ando et al., 2013; Minegishi et al., 2012). Although
the behavioral and neurophysiological basis of the pheromone-source localization behavior of the
male silkmoth has been well-demonstrated (Kanzaki, 1996; Kanzaki et al., 2004; Wada and Kanzaki,
2005), the role of visual input during the different behavioral states (surge and zigzagging) remains
unclear.
2.3 Behavioral-state dependent visual response
Typically, animals could exhibit various types of behaviors with the limited numbers of sensory
inputs. This can be achieved by sophisticatedly manipulate those limited sensory information re-
source depending on the context of external stimuli (via sensory stimulation) and internal states (e.g.
emotion, arousal, starvation and resting).
In flies, behavioral and neurophysiological studies have demonstrated that the responses to op-
tic flow are altered with the behavioral states. In the blowfly Calliphora vicina, visual responses of
neck motor neurons and head movements are enhanced during walking and flying (Haag et al., 2010;
Huston and Krapp, 2009; Rosner et al., 2009). In D. melanogaster, the gain of visual response of
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motion-processing interneurons is increased and the peak of velocity tuning curve (a characteristic
that describe the strength of visual response to the varied intensity of stimuli) is shifted toward higher
optic flow speed during walking and flying when compared with resting state (which means max-
imum visual response is achieved at higher optic flow speed) (Chiappe et al., 2010; Maimon et al.,
2010). In addition, in the blowfly Lucilia spp., velocity tuning of motion-processing neurons is broad-
ened towards higher velocities by flight activity (Jung et al., 2011). These findings suggest that the
behavioral and neuronal responses to optic flow stimuli are altered with locomotion states: resting or
activated (walking and flying) states.
2.4 The central nervous system of the insect
The insect brain plays a key role in processing sensory information and controlling behavior in
response to internal and external states. The central brain consists of three fused ganglia which are
protocerebrum, deutocerebrum and tritocerebrum which forms the supraesophageal ganglion (Chap-
man, 1998; Christensen, 2004; Ito et al., 2014; Nation, 2008; Resh and Carde´, 2003). In lepidopter-
ans, including silkmoth, the supraesophageal ganglion (SPG) and suboesophageal ganglion (SOG)
are fused together (Heinze and Reppert, 2012).
Note that the characterization and nomenclature of the insect brain structure are different
amongst insect species; however, neurobiologists have been attempting to create a systematic and
consistent nomenclature for insect brains in general (Ito et al., 2014). The brain structure of the silk-
moth is comparable to those of monarch butterfly Danaus plexippus, sphinx moth Manduca sexta,
and fruit fly Drosophila melanogaster (Heinze and Reppert, 2012; Huetteroth et al., 2010; Ito et al.,
2014). The nomenclature of the brain structure in this dissertation is based on Namiki et al. (2014),
which is an earlier work on the neural circuit for pheromone orientation in the silkmoth brain and
will be largely referred to when speculating the tentative neural pathway for the visual modulation of
pheromone-triggered behavior in chapter 4.
2.4.1 Protocerebrum (PC)
The protocerebrum is the largest ganglion among the three supra esophageal ganglia, and it is
a site for processing sensory information from many sensory organs and play a significant role in
sensorimotor control (Hansson, 1999; Nation, 2008). The protocerebrum contains several structured
neuropils and is continuous laterally with the optic lobes, which are composed of three or four neu-
ropils: the lamina (La), the medulla (Me) and the lobula complex (LoC) which is subdivided into the
lobula (Lo) and the lobula plate (LP). The La received visual stimuli from photoreceptors in retina
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and passes the information to the Me and the LoC. The Me contains a neural circuit underlying color
vision processing, while massive integration of spatial information occurs in the LoC (Borst et al.,
2010; Chapman, 1998; Christensen, 2004; Nordstro¨m and O’Carroll, 2006; Paulk et al., 2009; Zhu,
2013). Specifically, the Lo supports detection of object motion (Wu et al., 2016) and color vision
processing (Hertel, 1980; Paulk et al., 2008; Zhu, 2013), and the LP contains tangential cells which
processes wide-field motion vision (Borst et al., 2010).
Figure 2.2. Summary diagrams for organization of silkmoth’s central brain. The major neuropil in the
central nervous system are illustrated in anterior, posterior and dorsal views
Several important neuropils are located in-between the two optic lobes which are the mushroom
bodies (MB), the central complex (CC), the lateral accessory lobes (LAL), the posterior slope (PS),
the superior medial protocerebrum (SMP), the anterior optic tubercles (AOTu) and the ventral lateral
protocerebrum (VLP) (Fig. 2.2). The two major structures that make up the higher processing centers
are the MB and the CC. The MB is composed of the calyx located in the posterior side of the brain,
the lobes located in the anterior side of the brain, and the pedunculus which connects the calyx and
lobes. It is a center for learning and memory, and higher order processing of olfactory information
(Strausfeld et al., 2009; Christensen, 2004). The CC is a group of neuropils situated between the two
MBs. It is composed of the protocerebral bridge (PB), a pair of noduli (NO), and the central body
which is subdivided into the upper division (CBU) and lower division (CBL), unpaired neuropils
which are also referred to as the fan-shaped body (FB) and the ellipsoid body (EB) (Hansson, 1999;
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Heinze and Reppert, 2012; Homberg, 2008). Studies suggest that the central complex plays a crucial
role in polarized light processing for sky-compass navigation, multisensory integration, visual feature
detection, spatial navigation, courtship behavior and locomotion control (Heinze and Homberg, 2009;
Pfeiffer and Homberg, 2014; Popov et al., 2004; Seelig and Jayaraman, 2013; Strauss, 2002).
The LAL is a premotor center located ventrolaterally to the central complex, and there are dense
connections between theses two neuropils (Namiki and Kanzaki, 2016b). It plays a crucial roles in
pheromone-source orientation, obstacle negotiating behavior and polarized light processing (Namiki
and Kanzaki, 2016b). The PS is innervated by numbers of descending neurons and has connections
with the LAL. It also received visual motion information from the LP which suggests an involvement
in the processing of visual motion response (Namiki and Kanzaki, 2016b).
The SMP and the AOTu play important roles in olfactory and visual processing respectively.
The SMP is located in the drosomedial part of the anterior protocerebrum. It relays olfactory informa-
tion from the lateral protocerebrum to the LAL during pheromone processing (Namiki and Kanzaki,
2016b). The AOTu located in the dorsolateral part of the anterior protocerebrum. In most insect
species, this structure is divided into two main subunits: the upper and the lower units (Heinze and
Reppert, 2012; Homberg et al., 2003; Mota et al., 2011; Pfeiffer and Kinoshita, 2012). It relays visual
information from the Me and Lo to the LAL via two parallel pathways (Homberg et al., 2003; Mota
et al., 2011; Pfeiffer et al., 2005; Pfeiffer and Kinoshita, 2012). The pathway through the lower unit of
the AOTu is crucial for polarized light processing and sky compass navigation (Heinze and Reppert,
2012; Kinoshita et al., 2007; Pfeiffer et al., 2005), and the pathway through the upper unit is involved
in processing of color and visual motion (Hertel and Maronde, 1987a; Paulk et al., 2008). Other than
the AOTu, the posterior optic tubercles (POTu) have been well identified in the locust, the cockroach,
and the monarch butterfly (Heinze and Reppert, 2012; Homberg et al., 1991). It has been suggested
that the POTu participates in the processing of sky compass cues (El Jundi et al., 2014). Apart from
the pathways through the AOTu and the POTu, recent studies have identified several optic glomeruli
in the VLP and the posterior lateral protocerebrum region which encode and relay visual information
from the optic lobe to other brain areas (Mu et al., 2012; Wu et al., 2016).
2.4.2 Deutocerebrum (DC)
The deutocerebrum contains two paired sensory centers: the antennal mechanosensory and mo-
tor center (AMMC) and the antennal lobe (AL). The AMMC receives input from the mechanosensory
organs, such as Bo¨hm’s organ, Janet’s organ and Johnston’s organ, and sends motor information out-
put to antennal muscles (Gordh and Headrick, 2011; Nation, 2008). The AL is a primary olfactory
center. It receives sensory information from chemosensory receptors in the antenna and converges in-
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formation to higher brain center. The AL comprises a population of olfactory glomeruli, discrete ball-
like structures of dense synaptic neuropil, and the anatomical organization and connectivity mapping
of these glomeruli are distinct features which are important for spatial coding of olfactory information
(Chapman, 1998; Couto et al., 2005; Nation, 2008; Rodrigues, 1988).
2.4.3 Tritocerebrum (TC)
The tritocerebrum is connected to subesophageal ganglion (SOG) by lateral nerve cord connec-
tions (Nation, 2008; Resh and Carde´, 2003). Gustatory primary centers are located in these regions
(Isono and Morita, 2010). The tritocerebrum receives input from sensory receptors and sends motor
neurons to muscles in the mouthparts (labrum and pharynx). In addition to connections to the sensory
receptor and muscles in the mouthpaths, SOG also has connections to salivary glands and neck mus-
cles. It is also suggested that SOG is involved with arousal prior to motor action, motion patterns (in-
volving walking, flying and breathing) and sensory convergence from the central brain (Nation, 2008;
Resh and Carde´, 2003). The AL of the male silkmoth is divided into two subregions: the dorsally
located male-specific macroglomerular complex (MGC) which is mainly involved with processing
of pheromone information, and the ventrally located ordinary glomeruli (OG) which is responsible
for processing of general odors, such as plant odors, and also non-olfactory modalities(Allison and
Carde, 2016; Haupt et al., 2009; Sakurai et al., 2014).
2.5 Pheromone processing pathways in the silkmoth’s brain
The pheromone processing pathways in the silkmoth’s brain has been extensively studies (Kan-
zaki et al., 2003; Haupt et al., 2009; Sakurai et al., 2014; Seki et al., 2005). The sex pheromone,
bombykol and bombykal, is detected by the olfactory receptor neurons (ORNs) housed in hair-shapes
structures called olfactory sensilla on the antennae (Kaissling et al., 1978; Haupt et al., 2009; Sakurai
et al., 2014). These pheromone-sensitive ORNs then transmit the pheromone signals to the MGC in
the AL, which plays an important role in temporal and spatial encoding of pheromone information
(Haupt et al., 2009) and amplification of pheromone signals (Jarriault et al., 2010; Sakurai et al.,
2014). The outputs from the AL are transmitted to the MB calyx and the delta area in the inferior
lateral protocerebrum (∆ILPC) (Fig. 2.3A), the pyramidally-shaped projection area in the PC which
is believed to be a pheromone-processing center (Kanzaki et al., 2003; Seki et al., 2005). The ∆ILPC
then supplies inputs to both sides of the SMP which relay information to the LAL on both sides of the
brain (Namiki et al., 2014), suggesting a potential role of the SMP in bilateral olfactory processing.
The LAL, a premotor center which is suggested to be crucial for locomotion control during
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Figure 2.3. The pheromone processing pathway in the silkmoth’s brain. (A)A schematic illustrating the
neural connection from the MGC in the AL to higher olfactory centers via three different neural tracts.
(B) A summary diagram demonstrating pheromone processing pathways in the silkmoth’s brain. MGC,
macroglomerular complex; MB, mushroom body, ∆ILPC, the delta area of the inferior lateral protocere-
brum; IACT, inner antenno-cerebral tract; MACT, middle antenno-cerebral tract; OACT, outer antenno-
cerebral tract; SMP, superior medial protocerebrum; CC, central complex.
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pheromone-source localization (Kanzaki et al., 2004; Namiki and Kanzaki, 2016a), is innervated by
descending neurons (DNs) which carry motor commands to the neck connective and thoracic motor
centers. Other than the LAL, some of these DNs also have arborizations in the PS (Namiki et al.,
2014). The DNs relating to locomotion control during surge show phasic response to the pheromone
stimulus, while the DNs relating to zigzagging behavior show a so-called ‘flip-flop’ activity which is
a long-lasting tonic response with bistability (switching between low and high firing rates) (Kanzaki
et al., 2004; Mishima and Kanzaki, 1999; Wada and Kanzaki, 2005). The firing activities of the
flip-flopping descending neurons on the left and right hemispheres are anti-phasic(Kanzaki et al.,
1994; Kanzaki and Mishima, 1996), and correspond to the turning behavior of the silkmoth (Mishima
and Kanzaki, 1998). Studies have suggested that this long-lasting flip-flop activity is generated by the
neural circuit of the LAL. Specifically, the GABAergic connection between the left and the right LAL
generates the mutual inhibition, a neural mechanism which is believed to be crucial for generation of
the flip-flop activity corresponding to alternation of turning direction during zigzagging Namiki et al.
(2014); Iwano et al. (2010). A summary diagram for pheromone processing pathway in the silkmoth’s
brain is illustrated in Fig. 2.3B.
2.6 Bio-inspired odor-plume tracking algorithms
Odor-source localization task can be divided into three stages as follow (Hayes et al., 2002;
Kowadlo and Russell, 2008; Lilienthal et al., 2006; Lochmatter et al., 2008).
1. Exploration: searching for odor cue by performing local search.
2. Odor-plume tracking: searching for odor-source by tracking odor plume.
3. Source declaration: identifying the odor source based on odor concentration or by detecting
visual cue for potential target, such as mate or host plants.
In this dissertation, we only focus on the first two stages of odor-plume tracking: exploration
and plume-tracking. The behavioral states corresponding to these two stages are observed during
odor-source localization in several animals. The exploration state has equivalent function to ‘tumble’
in the E. coli, ‘pirouette’ in the C. elegans, ‘zigzag’ in the silkmoth and ‘cast’ in the flying moth,
while the odor-plume tracking state has equivalent function to ‘run’ in the E. coli and the C. elegans
and ‘surge’ in the silkmoth and the flying moth (Gomez-Marin et al., 2010; Kennedy, 1983; Lo´pez
et al., 2011).
Majority of odor search algorithms for plume-tracking robots were inspired by biological organ-
isms due to their ability to locating source under the environment with high uncertainty by utilizing
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simple behavior (Kowadlo and Russell, 2008; Lilienthal et al., 2006). A study has demonstrated that
the bio-inspired strategy (reactive searching, a pre-programmed movement sequences inspired by in-
sects) outperformed the cognitive strategy (infotaxis by using Bayesian inference to maximize the
information gain about the spatial location of the source) due to the benefit of shorter path length for
comparable success rate and lower computational cost owing to the less complex algorithm (Voges
et al., 2014). Some of the most attractive bio-inspired algorithms are the E. coli, the dung beetle, and
the silkmoth algorithms (Kowadlo and Russell, 2008; Russell et al., 2003). For the E. coli algorithm,
the robot performs repetitive steps of ‘run’ and ‘tumble’. During ‘run’ it makes a straighter path when
detecting ascending in chemical concentration gradient. On the other hand, unbiased random walk is
performed during ‘tumble’. For the dung beetle algorithm, the robot performs upwind zigzagging by
turning back into the odor plume when encountering plume edges. Lastly, for the silkmoth algorithm,
upon chemical exposure the robot performs a sequence of surge, zigzagging (a.k.a. cast) and loop
(a.k.a. circle). If it detects further chemical cue at any point, it restarts this behavioral sequence from
the beginning. However, if all the process is carried out without further chemical detection along the
way, it then returns to its quiescent state (Kowadlo and Russell, 2008; Lilienthal et al., 2006; Russell
et al., 2003).
Other than the use of olfactory information, several studies have also incorporated the use of
other modalities into odor-plume tracking algorithm, such as airflow direction and vision (Hayes et al.,
2002; Ishida et al., 2012; Kowadlo and Russell, 2008; Russell et al., 2003). The airflow direction were
acquired to perform upwind surge when the robot stays inside the odor plume (Hayes et al., 2002;
Harvey et al., 2008; Lochmatter et al., 2008) or to perform crosswind casting when it loses contact
with the plume(Ishida et al., 1996; Harvey et al., 2008). On the other hand, if the appearance of the
odor source is known beforehand, the robot could detect visual cue to guided its orientation and also
to declare the odor source when reaching the target (above mentioned stage 3: source declaration)
(Ishida et al., 2005, 2006; Zhang et al., 2010). In chapter 5, we will explore the use of visual infor-
mation (optic flow) as a feedback for accurate locomotion control during odor-source localization.
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CHAPTER 3
Behavioral study: The role of optic flow during odor-source
localization
3.1 Introduction
Studies in insect orientation and navigation have suggested that insects required multiple sen-
sory inputs for efficient odor-source localization, and one of the necessary sensory information is the
wide-field optic flow which is used as a visual feedback to realize their own locomotion during ma-
neuver (Frye et al., 2003; Vickers, 2000; Willis et al., 2011). In case of the male silkmoth, a study on
an insect-driven mobile robot has demonstrated that during pheromone-plume tracking optic flow is
required to compensate for unintentional steering caused by the imposed steering bias (Ando et al.,
2013). However, how the optic flow modulates the two sequential states of pheromone-triggered
behavior response, i.e. surge and zigzagging, is still unclear.
3.2 Aims
The aim of this study was to examine the role of optic flow on pheromone-triggered wallking be-
havior, which comprises sequential behavioral states: surge and zigzagging, in the silkmoth, Bombyx
mori.
3.3 Hypotheses
Based on studies in flying moth, surge behavior is considered to serve as a reorientation mecha-
nism toward pheromone-source direction by using chemotaxis, during which the moth redirect its path
towards a direction with a higher pheromone concentration (Murlis et al., 1992). Whilst zigzagging
is considered to serve as a local-search strategy to increase scanning area for further pheromone cues
which is crucial when the moth performs odor tracking in a dispersed and intermittent plume (Murlis
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et al., 1992). The plausible role of visual motion (optic flow) during surge is to elicit the course-
compensation mechanism for involuntary deviation from intended course by steering toward the same
direction as optic flow, which is termed optomotor response (Rock and Smith, 1986; Wolf and Heisen-
berg, 1990). However, the use of optomotor response during zigzagging would result in suppression
of voluntary turning, the programmed zigzag turns. As a result, the moth could not perform local
search (by zigzag walking) efficiently, which consequently lead to decrease of pheromone-filament
encounter rate. Therefore, we hypothesized that the role of vision during pheromone-triggered be-
havior is dependent on the behavioral states of surge and zigzagging.
3.4 Materials and Methods
3.4.1 Animals and preparation
Male silkmoths, B. mori L. (Lepidoptera: Bombycidae) (Fig. 3.1), were either purchased as pu-
pae from Aseptic Sericulture System Laboratory (Kyoto, Japan) or were reared in our laboratory from
eggs to adults on artificial diets at 25–27◦C and 50–60% relative humidity under 16 h:8 h light:dark
photoperiod. After eclosion, adult male moths were maintained in the incubator at 15◦C to prolong
their lifespan, and were used in the experiment within 2–6 days after eclosion.
Figure 3.1. An adult male silkmoth, B. mori
In this study, the experiments were conducted on tethered silkmoths. A piece of paper (5 × 10
mm) was used as a holder for positioning the moth on ball-tracking system to obtain a natural-like
walking behavior which caused low stress acting on the moth’s body and allow small fluctuation of
body position in z-axis during stepping. The scales on the dorsal thorax of the silkmoth were removed
to facilitate the attachment of the holder. Then, a holder was attached to the thorax with adhesive glue
(G17, Konishi, Osaka, Japan), and the glue was allowed to dry for at least ten minutes before the
moth was fixed in placed on the locomotion tracking system by a metal clip (Fig. 3.2A).
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Figure 3.2. Experiment setup and sensory stimulation for the behavioral study.
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Figure 3.2. Illustrations for the experiment setup and sensory stimuli. (A) A diagram for the experimental
setup. A tethered male silkmoth was positioned above a floating polystyrene ball, and both optic flow and
pheromone stimuli were delivered simultaneously to the moth during the experiment. Moth’s locomotion was
tracked by an optical mouse which was connected to the computer for data recording and feedback control
of visual stimulus. (B) Composition of the pheromone delivery system. (C) Pheromone stimulus conditions.
Two types of pheromone stimuli were used in our experiment: a continuous-pulsed pheromone and a single-
pulsed pheromone. The former was used to activate a reiterative surge by repeatedly resetting the programmed
walking pattern (top). The latter was used to trigger a complete cycle of pheromone-triggered walking pattern
(bottom). The surge duration, turn angle and turn duration of the first four zigzag turns were acquired from the
recorded data. The recording period of each experiment is labelled in blue, and parameters to be measured are
labelled in grey. (D) Visual stimulus conditions. For the open-loop visual stimulus, a stationary pattern was
used for the control trial and a horizontally moving pattern with constant speed was used for the experimental
trial (left). For the biased closed-loop experiment, the feedback optic flow alone was used for the control trial,
whereas the feedback optic flow plus a constant bias (biased optic flow) was used for the experimental trial
(right). OF, optic flow. OF, optic flow. (from Pansopha et al. (2014)).
3.4.2 Experiment setup
The moth was positioned on top of a 75-mm-diameter polystyrene ball, which is supported by
a plastic funnel with an electric fan (MBDC12B4, Nidec Servo Corp., Kiryu, Japan) attached at the
bottom. This electric fan generated air flow to keep the ball floating in the air to reduce friction
between the funnel and the ball when rotated by the moth (Fig. 3.2A). The rotation of polystyrene
ball, which equivalent to the locomotion of the moth, was detected by two 800 dpi optical mice (M-
BG2UR, Elecom, Osaka, Japan) positioned behind and on the right side of the ball with respect to the
moth. This allowed detection of the ball’s rotations in all three axes (see below for detail). A computer
acquired data directly from the optical mouse every 8 ms. A video camera (GZ-MG275, Victor Co.
of Japan, Kanagawa, Japan) is positioned above the experiment setup to record movement of the moth
during locomotion. Silkmoths were allowed to move their head freely during the experiment. The
average head turning angle was 32.4 ± 3.1◦ (mean ± s.d.) from the middle of the screen.
3.4.3 Locomotion calculation
The locomotion of the walking silkmoth is a combination of rotation and translation which can
be measured by acquiring rotations of the track ball in all three axes, which was achieved by using
two optical mice. The optical mouse positioned behind the track ball detected rotations of the ball
around y-axis and z-axis (when the heading direction is x-axis), and the optical mouse positioned on
the side of the ball detected the ball’s rotation around x-axis. Note that the output acquired from an
optical mouse comprises displacements in vertical and horizontal direction relative to a surface during
each sampling interval.
The rotation, i.e. turn angle moths performed, was calculated from horizontal displacement
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detected by the optical mouse positioning behind the ball, which is equivalent to the displacement of
the surface of the polystyrene ball rotating along the azimuth axis or z-axis. The turn angle during
each sampling interval (δ [n]) is calculated as follows:
δ [n] =
sz[n]
R
(3.1)
where sz[n] represents horizontal displacement detected by the optical mouse during the (n−1)th
and nth samples. R represents the radius of the polystyrene ball, which is 37.5 mm. The accumulated
turn angle (∑ni=0 δ [i]) represents the heading angle of the silkmoth at the time t = n×samplinginterval
in reference to the heading angle at the starting point (i = 0).
The translation was calculated by using displacement data provided by both optical mice. Verti-
cal displacement provided from optical mouse positioned behind the track ball provided information
about translation in x-axis, vertical displacement provided from optical mouse positioned on the side
provided information about translation in y-axis during each sampling interval. In each sample, the
coordinate of the moth changed as the heading angle changed. Therefore, a transformation matrix
was applied in order to reset the coordinate back to the original direction.
∆xn = sycosθ + sysinθ (3.2)
∆yn = sxcosθ − sxsinθ (3.3)
∆xn and ∆yn represent transition of the moth on terrestrial plane during each sampling interval,
where x-axis is a heading direction at the time t = 0. Then, the displacement in reference to the
original coordinate was calculated by:
xn = xn−1+∆dcos(θn−1+ tan−1∆yn/∆xn) (3.4)
yn = xn−1+∆dsin(θn−1+ tan−1∆yn/∆xn) (3.5)
Where
∆d =
√
∆xn2+ yn2. (3.6)
While, xn and ynis the position on x-y plane at the nth sample.
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3.4.4 Pheromone stimulation
Synthetic bombykol, (E, Z)-10, 12-hexadecadien-1-ol, which is the major component of female
sex-pheromone of Bombyx mori, was used as an odor stimulus. Two stimulant cartridges were pre-
pared by bending the tip of glass Pasteur pipettes (1 mm tip diameter) by using pocket lighter at
around 1 cm from the top, and loading a piece of filter paper bearing 100 ng of synthetic bombykol
into the other end of each stimulant cartridge. The tips of stimulant cartridges were positioned about
5 mm in front of each antennae, and the pheromone was delivered to the antennae by passing air-
flow through these stimulant cartridges. Airflow generated by a compressor (NUP-1, As One, Osaka,
Japan) was filtered through the cotton, charcoal and water units to produce steady air flow. Then,
air flow rate was adjusted to 1 L/min by flow meters (RK1600R, Kofloc, Kyoto, Japan) before being
delivered to the silkmoth through the stimulant cartridges. Solenoid valves were used to control the
duration and interval of pheromone stimuli and were controlled by an ARM7 32-bit microcontroller
education board (JX-2148, Inex, Bangkok, Thailand), which allowed manipulation and monitoring of
pheromone delivery via a computer (Fig. 3.2A) An air exhaust tube was placed behind the silkmoth
to remove contaminated air from the set-up. The distance between the moth and exhaust tube was
adjusted so that the air speed at the moth is around 0.6 m/s. Note that a strong exhaust would disrupt
the rotation of the polystyrene ball by the pulling force toward the exhaust tube.
Two type of pheromone stimuli were used in this study: 1) a continuous-pulsed stimulus (a train
of 20 pulses, duration of each pulse was 0.25 s with an inter-pulse interval of 0.25 s) is used when
observing behavioral response during surge. This pattern of pheromone stimulus triggered reiterative
surge and allowed observation of surge behavior during a long period of time. 2) A single-pulsed
pheromone stimulus (1.0 s pulse duration) was used when observing behavioral response during
zigzagging. This type of stimulus triggered a complete walking pattern which includes surge and
zigzagging (Fig. 3.2C), and was used when observing behavioral response during zigzagging to avoid
effect of repetitive pheromone stimulation on walking pattern.
3.4.5 Visual stimulation
Visual stimulation was built on a Codeblocks IDE for C++ platform (see http://www.code blocks.org)
on a Linux kernel with Xenomai patches for real-time control (see http://www.xe nomai.org), and was
projected onto a 300-mm diameter cylindrical screen positioned in front of the tethered silkmoth by
a projector (EB-X6, Epson, Tokyo, Japan). A horizontally moving vertical black-and-white grating
pattern was used as an optic flow stimulus and was rendered at a frame rate of 60 Hz. The Michelson
contrast of the grating pattern was > 87%, and the mean luminance was approximately 1200 cd m-2
measured across the screen. The projected pattern covered 420 mm in width and 245 mm in height
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of screen area (approximately 160◦ and 40◦ of the horizontal and vertical visual field respectively).
Also, the horizontal distortion caused by the curvature of cylindrical screen was compensated during
image rendering by using the following formula:
x′ =
L
2
(1− cos(θ)cos(θ +ϕ)
1− sin(θ)sin(θ +ϕ)) (3.7)
ϕ =
x(pi−2θ)
L
(3.8)
Where x and x′ are the image pixel positions in the horizontal axis before and after distortion
correction respectively, L is the width of the image in pixels, and θ is a projection angle in radians
calculated as follows:
θ = tan−1
W
2D
, (3.9)
where WD is a throw ratio of the projector, W is the width of a projected image if it were projected
onto a flat screen, and D is the distance from the projector to the screen.
Two types of visual stimulation, open- and biased closed-loop optic flow, were used in this
study to investigate the significance of closed-loop visual feedback which is normally perceived by
moths when maneuver in the real-world environment. For the open-loop visual stimulus, a stationary
pattern was used for the control trial and a moving pattern with constant optic flow velocity was used
for the experimental trial (Fig. 3.2D). Spatial wavelengths of the grating pattern were chosen between
31, 52 and 62 mm to adjust the temporal frequency of constant optic flow. For the biased closed-
loop visual stimulus, the moving pattern generated by feedback optic flow alone was presented to
the moths during control trials, whereas the moving pattern generated by feedback optic flow plus a
biased optic flow was presented during the experimental trial (Fig. 3.2D). The feedback optic flow,
which represented the self-induced background movement in the real world, is generated based on
the locomotion of the moth detected by the optical mouse. In this case, only rotation about the yaw
axis, i.e. z-axis, during the previous rendering cycle was considered. The gain of feedback optic flow
was equal to one, and the spatial wavelength of grating pattern was always fixed at 62 mm.
3.4.6 Experimental procedures
This study focused on the behavioral response during two sequential states: surge and zigzag-
ging, because the neurophysiological studies suggest that surge and zigzagging behavior are con-
trolled by two different identified neural circuits (Iwano et al., 2010; Kanzaki et al., 2004). Therefore,
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two sets of experiments were carried out to investigate behavioral response during these different
behavioral states.
3.4.6.1 Experiment 1: Behavior during the surge
In this experiment, a continuous-pulsed pheromone stimulus were delivered to the tethered
silkmoth to activate consecutive surges (Fig. 3.2C), which allowed investigation of the surge behavior
over a long period of time. The frequency of pheromone pulse was set to 0.5 Hz to trigger a reset of
the programmed walking pattern before the moth initiated the zigzagging behavior (Kanzaki et al.,
1992). The Experiment 1 was further separated based on the type of visual stimulus into two sets of
experiments: (1) the experiment with open-loop visual stimulus and (2) the experiment with biased
closed-loop visual stimulus. To monitoring the response to stimulus onset separately, the optic flow
stimulus was started 1 s before the onset of the pheromone stimulus. The pheromone pulsed were
delivered for 10 s. The velocity of constant/biased optic flow presented to the moth was constant
throughout each session, but varied between different groups of experimental trials. Note that in
the experimental results the optic flow velocity will be represented by temporal frequency which
is defined as the number of cycles of the black-and-white grating pattern per second measured at
any specific position on the screen. In the experiment with open-loop visual stimulus, the temporal
frequency of the constant optic flow was varied between −3.33 to 3.33 Hz (signs indicate direction
of constant/biased optic flow, minus for right and plus for left). In the experiment with biased closed-
loop visual stimulus, the temporal frequency of the biased optic flow was limited to between −2.50
to 2.50 Hz to prevent the exact optic flow velocity (feedback optic flow + biased optic flow) from
exceeding the maximum speed limit of our current visual-stimulus rendering system.
3.4.6.2 Experiment 2: Behavior during zigzagging
The single-pulsed pheromone stimulus was used in this experiment to allow investigation of the
behavioral response during zigzagging. The surge duration, the turn angle and turn duration of the
first four zigzag turns were parameters acquired from this experiment (Fig. 3.2C). We only focused on
the behavioral response during these early turns because the previous studies have suggested that the
silkmoth tends to gradually increase the turn angle of each zigzag turn during these first three or four
turns (Kanzaki et al., 1992; Kanzaki, 1998), which is a useful index of normal moth behavior. In a
similar manner, Experiment 2 was further separated into two sets of experiments: (1) the experiment
with open-loop visual stimulus and (2) the experiment with biased closed-loop visual stimulus. Based
on a previous study and our observations, it takes several seconds for head turning and neck motor
response to reach the maximum level (Minegishi et al., 2012). Therefore, the optic flow stimulus was
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started 5 s before the onset of the pheromone pulse to ensure that visual stimulus already had effect
on the response at behavioral level before locomotion started. In each session, the optic flow stimulus
was presented for 40 s. The locomotion of the moth generated in response to open- and biased closed-
loop visual stimuli was recorded. Visual stimulus conditions in both experiments were varied in the
same manner as in experiment 1.
In each experiment with a specific temporal frequency of optic flow, locomotion data were
pooled from only one control trial and one experimental trial in each moth. Each moth was used in
either one or two experiments (Experiment 1 and/or 2 with the same temporal frequency of optic flow)
with an approximate 3-h rest interval between experiments to allow recovery from pheromone habitu-
ation. The experiments with single-pulsed pheromone were always performed prior to the experiment
with continuous-pulsed pheromone to avoid decrease of physical activity caused by pre-exposed to
continuous-pulsed pheromone (Kuenen and Baker, 1981). It is important to note that the silkmoth
does not normally initiate walking in response to visual stimulus alone; therefore, pheromone stimu-
lation was required to investigate the effect of optic flow on locomotion control.
3.4.7 Data analysis
In experiment 1 for examining the behavioral response during the surge, we measured the ac-
cumulated turn angle of each moth for 3 s, recorded 6 s after the onset of the continuous-pulsed
pheromone stimulus (Fig. 3.3A, grey-shaded area). Because the result suggests that after triggered by
pheromone the silkmoth increases its turning angular velocity until reach a steady-state at around 6
s (Fig. 3.3A). Then, the absolute angular velocity is calculated from accumulated turn angle devided
by 3 s. The duration of the surge was drawn from the results of experiment 2.
In experiment 2, the locomotion of the silkmoth triggered by the single-pulsed pheromone mea-
sured in each session was divided into surge and four successive zigzag turns based on an empirical
criterion (see Fig. 3.3C, D for an example of a recorded turn angle during one trial). The initiation of
zigzagging was recognized when the moth made a turn with an angular velocity larger than 15 deg
s-1 for longer than 0.2 s with an accumulated turn angle during this period more than 5◦. The first
constraint was used as a threshold for separation of surge and zigzag, while the last two constraints
were used as thresholds for avoiding the effect of small noise caused by stepping of the moth. During
zigzagging, switching of turn direction was recognized when the moth changed its turn direction and
sustained the same direction for a duration longer than 0.2 s with an accumulated turn angle more
than 5◦. After separation of zigzag turns, the total accumulated turn angle and the turn duration of
each turn were measured and then the angular velocity was calculated by dividing the accumulated
turn angle by turn duration.
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Figure 3.3. Angular velocity of surge during experiment and a single trial of silkmoth’s locomotion and
head angle triggered by a single-pulsed pheromone (A) Relationship between angular velocity and duration
of continuous-pulsed pheromone stimuli (N = 15) measured in the biased closed-loop experiment (biased
optic speed is 2.5 Hz to the left. Dots represent median of samples, lower and upper limits on error bars
represent 25th and 75th percentiles, respectively. (B) Head angle is a deviation of heading from the center
(C) Plots of turn angle and head angle of a silkmoth during walking. The turn angle of the moth is detected
by the optical mouse, and the head angle is manually measured from a recorded video every 200 ms (D)
Plots of turn angle and angular velocity of the silkmoth. (from Pansopha et al. (2014)).
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3.4.8 Statistical analysis
All statistical analyses were performed using the R software environment for statistical com-
puting and graphics (see http://www.r-project.org). The Mann–Whitney–Wilcoxon test was used to
compare turning parameters between the two independent groups, and the Kruskal–Wallis rank-sum
test was used for multiple comparisons. Directional preference of the first zigzag turn was examined
by the exact binomial test.
Because the silkmoth tends to increase the size of turn angle during the first three or four turns
of zigzag walking (Kanzaki et al., 1992; Kanzaki, 1998), the correlation between number of turns
(first to fourth) and rank of turn by its size was examined to investigate the effects of optic-flow on
turning characteristics. For each moth, the first to fourth zigzag turns were ranked by their size in
increasing order (smallest, small, large and largest). After that, the correlation coefficient (τ) between
the number of turn and their ranking for each groups of experiment was computed, and a significance
test for Kendall’s tau-b was performed to determine whether the two parameters were correlated. The
relationship between the turn angle, the turn duration and the angular velocity during zigzagging was
analyzed by using simple linear regression analysis.
3.5 Results
3.5.1 Experiment 1: Effect of optic flow on walking behavior during surge
The steering of tethered moths walking on an air-floated ball was recorded using an optical
mouse (Fig. 3.2A). The moths were either presented with open-loop or biased closed-loop visual
stimuli (Fig. 3.2D). In each moth, the data were pooled from one control trial and one experimental
trial. In the experimental trials, the temporal frequencies of constant optic flow (for the experiment
with open-loop optic flow) or biased optic flow (for the experiment with biased closed-loop optic
flow) were varied among different experimental groups. The continuous-pulsed pheromone was used
in this experiment to elicit reiterative surge (Fig. 3.2C) (See Materials and Methods).
The statistical analysis revealed that the angular velocity of surge and the surge duration of the
silkmoths in the different control groups, which were presented with different temporal frequencies
of optic flow in the experimental trial, were not significantly different (P > 0.1, Kruskal–Wallis test).
Therefore, the results of all control groups were pooled together to represent the response to optic
flow with a temporal frequency of 0 Hz (Fig. 3.4A, C). Note that in all control trials the moths were
presented with the same visual stimulus, which was either a stationary pattern (for the experiment
with open-loop optic flow) or a closed-loop optic flow (for the experiment with biased closed-loop
optic flow) (Fig. 3.2D).
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Figure 3.4. Behavioral response during the surge measured in the experiment with open-loop visual stim-
ulus and in the experiment with closed-loop visual stimulus. For all plots, the behavioral response at 0
Hz was pooled from the results of all control groups. (A) Temporal-frequency tuning curve of the angular
velocity measured in the experiment with continuous-pulsed pheromone and open-loop optic flow. Angu-
lar velocities during the surge altered with the temporal frequency of the constant optic flow (P < 0.001,
Kruskal–Wallis test). For the combined control trial (i.e. response at 0 Hz), N = 85. For experimental trials,
N = 7–10. (B) Surge durations of moths when presented with constant optic flow at different temporal fre-
quencies measured in the experiment with single-pulsed pheromone and open-loop optic flow as in (A). The
result suggested that the surge duration was not qualitatively nor quantitatively modulated by the constant
optic flow (P > 0.1, Kruskal–Wallis test). For the combined control trial (i.e. response at 0 Hz), N = 69. For
experimental trials, N = 14–21. (C) The relationship between the temporal frequency of biased optic flow
and the angular velocity of surge measured in the experiment with continuous-pulsed pheromone and biased
closed-loop optic flow. For the combined control trial (i.e. response at 0 Hz), N = 125. For the experimental
trials, N = 17–30. (D) Surge durations of silkmoths when presented with optic flow at different temporal
frequencies measured in the experiment with single-pulsed pheromone and biased closed-loop optic flow.
For the combined control trial (i.e. response at 0 Hz), N = 123. For the experimental trials, N = 16–30. The
results obtained from the experiment with biased closed-loop optic flow (C,D) were consistent with those
from the experiment with open-loop optic flow (A,B). In all plots, dots represent the median values, lower
and upper limits on error bars represent 25th and 75th percentiles. (from Pansopha et al. (2014)).
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The result from the experiment with open-loop visual stimulus in Fig. 3.4A shows that angu-
lar velocity changed significantly with temporal frequencies (P < 0.001, Kruskal–Wallis test). The
tuning curve reached its maximum at around 2 Hz. This result demonstrates that the optic flow ve-
locity modulated angular velocity of surge and the silkmoths made a turn to the same direction as
the constant optic flow, suggesting that they performed an optomotor response during this behav-
ioral state. However, no modulation of surge duration by optic flow stimuli was observed (P > 0.1,
Kruskal–Wallis test) (Fig. 3.4B).
Similary, the behavioral response during surge was also modulated by the biased closed-loop
optic flow in the same manner as by the open-loop optic flow. Angular velocities of surge changed
with the temporal frequency of the biased optic flow (Fig. 3.4C) (P < 0.001, Kruskal–Wallis test),
whereas surge duration was not altered when varying the temporal frequency of the biased optic
flow (P > 0.05, Kruskal–Wallis test) (Fig. 3.4D). Note that x-axes in Fig. 3.4A,B represent temporal
frequency of constant optic flow in the experiment with open-loop visual stimulus, whereas x-axes in
Fig. 3.4C,D represent temporal frequency of biased optic flow in the experiment with biased closed-
loop visual stimulus. In the latter case, the values on the x-axes were used as a representative value
for indication of stimulus intensity, not the actual optic flow velocity perceived by moths. Due to the
difference in stimuli conditions between open- and closed loop experiments, these two sets of results
were not compared quantitatively. Nevertheless, both results agreed that the silkmoth performed an
optomotor response during the surge.
3.5.2 Experiment 2: Effect of optic flow on walking behavior during zigzag
3.5.2.1 Experiment with open-loop optic flow
In this experiment, the single-pulsed pheromone presented together with either of the two types
of visual stimuli in order to trigger one cycle of pheromone-triggered behavior, starting from the surge
and followed by zigzagging (Fig. 3.2C, D). The steering response of the tethered silkmoths to the
simultaneously presented pheromone and optic flow stimuli as in the above experiment was recorded.
The effect of optic flow on the behavioral response during zigzagging was evaluated by considering
the direction of constant/biased optic flow in reference to turn direction, instead of simply left and
right. Results from experimental trials with the constant/biased optic flow moving to the left (positive
value) and to the right (negative value) at the same temporal frequency were merged together and then
divided into two separated groups by considering the direction of the 1st turn. Specifically, moths in
the first group made the 1st and 3rd turns to the same direction as that of the constant/biased optic
flow, whereas moths in the second group made the 1st and 3rd turns to the opposite direction to that
of the constant/biased optic flow.
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Figure 3.5. Behavioral response during zigzagging in the experiment with single-pulsed pheromone and
open-loop visual stimulus. The turn angle of the first four zigzag turns in the (A) control trials, (B) ex-
perimental trials in the groups of moths who made 1st turn to the same direction as constant optic flow
(1st-Same), and (C) experimental trials in the groups of moths who made 1st turn to the opposite direction
to the constant optic flow (1st-Opposite) are shown. In response to the constant optic flow at temporal
frequencies of 1.67 and 3.33 Hz in (B) and (C), moths tended to increase their absolute turn angle consecu-
tively in a similar trend as in the control trial in (A). The temporal frequency of constant optic flow did not
affect the strength of the behavioral response (P > 0.05, Mann–Whitney–Wilcoxon test), except for the 1st
turn in (B) (P < 0.05). To compute the correlation between the number of turns and the rank of turns, the
turn angles in (A)-(C) were ranked by their sizes to obtain bar plots in (D)-(H), see text for details. Sample
sizes (N) are listed in Table 1. In (A)-(C), dots represent median values, and lower and upper limits on error
bars represent 25th and 75th percentiles respectively. Levesl of significant: *P < 0.05; **P < 0.01, ***P
< 0.001. (adapted from Pansopha et al. (2014)).
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The results from this experiment suggested that the direction of the 1st turn was not determined
by the direction of the constant optic flow. Specifically, 27 samples had their 1st turn to the same
direction as the constant optic flow and 42 samples had their 1st turn to the opposite direction (P
> 0.05, binomial test). The turn angles of each zigzag turn measured from the two control groups,
which were both presented with the stationary pattern in the control trials but with the constant opfic
flow at a temporal frequency of 1.67 or 3.33 Hz in the experimental trials, were not significantly
different (P > 0.05, Mann–Whitney–Wilcoxon test). This allowed us to combine the results from
these two control groups together (Fig. 3.5A). The result shows that in an absence of optic flow
stimulus, pheromone alone triggered a zigzag walking pattern in which the size of turn angles of the
first four turns increased with the number of turn, which agrees with previous findings (Kanzaki et al.,
1992; Kanzaki, 1998).
The behavioral responses to the constant optic flow of the silkmoths in the control and exper-
imental trials were similar in terms of response strength and tendency of increasing turn angle in
subsequent zigzag turns (Fig. 3.5A–C). Comparing the turn angles of each turn measured from the
two experimental groups presented with 1.67 Hz and 3.33 Hz moving pattern suggests that the dif-
ference in temporal frequency of the constant optic flow did not generally modulate the turn angle of
zigzagging (P > 0.05, Mann–Whitney–Wilcoxon test) (Fig. 3.5B,C), except for the 1st turn in the 1st-
Same experimental group (Fig. 3.5B). This alone was insufficient to draw any conclusion about the
effect of optic flow velocity on the overall behavioral response. For further data analysis, we focused
on the zigzag walking pattern by ranking the first four zigzag turns performed by each individual by
size of the turn angle in increasing order (smallest, small, large and largest). Then, the correlation
between the number of turns and the rank of turns by their sizes were computed using the significant
test for Kendall’s tau-b (Fig. 3.5D-H). The result shows that moths in both the control and experimen-
tal groups showed similar positive monotonic associations between the number of turns and the size
of turn angle (τ ≥ 0.49; P < 0.001). To sum up, these results altogether indicate that open-loop optic
flow did not modulate the programmed zigzag pattern.
3.5.2.2 Experiment with biased closed-loop optic flow
In this experiment, the biased closed-loop visual stimulus and a single-pulsed pheromone were
delivered to the moths simultaneously (Fig. 3.2C, D), and then moths’ locomotion was recorded in
the same manner as in earlier experiments. Similarly, the results were regrouped by considering the
direction of biased optic flow in reference to direction of the 1st turn. In this experiment, 72 samples
made their 1st turn to the same direction as the biased optic flow and 51 samples made their 1st turn
to the opposite direction to the biased optic flow. The binomial test suggested that the direction of the
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Figure 3.6. Behavioral response during zigzagging in response to simultaneously presented biased closed-
loop visual stimuli and a single-pulsed pheromone.
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Figure 3.6. Behavioral response during zigzag in the experiment with single-pulsed pheromone and biased
closed-loop visual stimuli. The turn angle of the first four zigzag turns generated by moths in the (A) control
trials and (B) experimental trials in the groups of moths who made 1st turn to the same direction as the biased
optic flow (1st-Same), and (C) experimental trials in the groups of moths who made 1st turn to the opposite
direction to the biased optic flow (1st-Opposite) are shown. Silkmoths in the control trial that were presented
with feedback optic flow alone tended to increase their turn angle with increasing number of turns, while moths
in experimental trials presented with biased closed-loop optic flow tended to make larger turns when turning to
the direction opposite to the biased optic flow. Temporal frequency of biased optic flow did not significantly
affect the size of turn angle in each turn (P > 0.05, Kruskal–Wallis test). To compute the correlation between
the number of turns and the rank of turns, the turn angles in (A)-(C) were ranked by their sizes to obtain bar
plots in (D)-(H), see text for details. Sample sizes (N) are illustrated in Table 1. Dots represent median values,
lower and upper limits on error bars represent 25th and 75th percentiles respectively. In all plots, grey shade
indicates turns to the direction opposite to the biased optic flow in which feedback optic flow was accelerated
by biased optic flow with constant value. Levesl of significant: *P < 0.05; **P < 0.01, ***P < 0.001. (adapted
from Pansopha et al. (2014)).
1st turn was not determined by the direction of the biased optic flow (P > 0.5). The turn angles of
each zigzag turn measured from different control groups were not significantly different (P > 0.05,
Kruskal–Wallis test); therefore, the results from all control groups were pooled together (Fig. 3.6A).
Note that all control trials were presented with the same visual stimulus, which was feedback optic
flow alone.
The size of the turn angle of each turn was not significantly changed when varying the temporal
frequency of the biased optic flow (P > 0.05, Kruskal–Wallis test) (Fig. 3.6B, C). However, the
tendency to change the size of the turn angle during sequential turns in the experimental groups were
obviously different from that observed in the control group. Specifically, in the control group the turn
angle tended to increase turn by turn, while in the experimental groups the turn angle was larger only
when the moth turned to the opposite direction to that of biased optic flow (especially in the 2nd turn of
the 1st-Same experimental group and the 3rd turn of the 1st-Opposite experimental group). Focusing
on the zigzag walking pattern, the tendency of changes in the size of turn angle was examined by
ranking each zigzag turn of each individual by the size of turn angle. In the control group, the rank of
the turn angle by size increased with the number of turns (τ = 0.50, P < 0.001, Kendall’s tau-b test),
whereas lower correlation coefficients were obtained in experimental groups (τ ≤ 0.31, Fig. 3.6D-J).
In summary, our results demonstrated that when silkmoths were presented with biased closed-
loop optic flow as in the experimental groups, the size of the turn angle was less correlated with
the number of turns when comparing to the control group in which the moths were presented with
feedback optic flow alone. This suggests that modulation of the zigzag walking pattern by the biased
optic flow was apparent and that the turn angle noticeably increased when the moth turned to the
opposite direction to the biased optic flow. However, changes in the temporal frequency of the biased
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optic flow did not significantly altered the level of behavioral response in terms of the size of turn
angle of each zigzag turn.
3.5.2.3 Relationship between the turn angle, turn duration and angular velocity
during zigzagging
Because the turn angle is a product of the turn duration and the angular velocity, the relation-
ships between these three parameters were examined in order to find out which parameter was more
responsible for the turn angle of each zigzag turn (Fig. 3.7). All data were drawn from all four turns
measured in the experiments during which the moths were simultaneously presented with the single-
pulsed pheromone and either one of the two types of visual stimulus with varied temporal frequency
of constant/biased optic flow. The solid lines were fitted by linear regression. The statistical analysis
shows that all regressions were significant (P < 0.001). However, the fitted relationship between the
turn angle and the turn duration in both the open- and biased closed-loop visual conditions yielded
higher R2 values than those from the fitted relationship between the turn angle and angular velocity.
These results indicate a more linear dependency between the turn angle and the turn duration than
between the turn angle and the angular velocity under both visual simuli conditions.
3.6 Discussions
In order to investigated how optic flow input modulated the pheromone-triggered behavioral
response in male silkmoths I studied the behavioral response to combinations of pheromone and optic
flow stimuli under both open- and biased closed-loop conditions. In the following discussion, I first
discuss the role of vision during pheromone searching behavior and the behavioral state dependent
use of optic flow observed. Then, I speculates its ethological implications on pheromone searching
behavior of the male silkworm moth. After that, I discuss the novelty of this state-dependent behavior
and the different effects of the open- and biased closed-loop visual stimuli on the pheromone-triggered
walking pattern. Finally, I propose possible neural pathways of the visual information based on the
identified olfactory pathways of the silkmoth and the results from behavioral study.
3.6.1 The role of vision during pheromone searching behavior
The results from both open- and biased closed-loop experiment suggest that the moths exhib-
ited an optomotor response only during surge but not zigzagging. Normally, silkmoths performed
the pheromone-triggered walking pattern starting with the surge, a.k.a. straight-line walking, and
followed by zigzagging after being stimulated by a pheromone stimulation. The surge is triggered
by an exposure of pheromone puff and persist through the pheromone exposure period. The loss of
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Figure 3.7. Linear regression analysis between three different turning parameters during zigzagging mea-
sured in the experiments with single-pulsed pheromone stimuli and open-loop visual stimuli (A, B) or
biased closed-loop visual stimuli (C, D). Relationships between the turn duration and the turn angle are
demonstrated in (A) and (C), and the relationships between the angular velocity and the turn angle are
shown in (B) and (D). All regression slopes were significantly different from zero (P < 0.001) suggesting
linear relationship between both pairs of parameters. However, the turn angle increased more linearly with
the turn duration than the angular velocity, as the linear regression analysis yielded higher R2. In (A, B),
the plots for the control group include 276 turns, plots for the experimental groups whose 1st turns were to
the same direction as constant optic flow (1S) with temporal frequencies of 1.67 Hz and 3.33 Hz included
46 and 60 turns respectively, and plots for the experimental groups whose 1st turns were to the opposite
direction to constant optic flow (1O) include 64 and 102 turns respectively. In (C, D), plots for the control
group include 492 turns, plots for the experimental groups whose 1st turns were to the same direction as
biased optic flow at constant temporal frequencies of 0.83, 1.67 Hz and 2.50 Hz included 84, 84 and 110
turns respectively, and plots for the experimental groups whose 1st turns were to the opposite direction to
the biased optic flow included 52, 72 and 80 turns respectively. (from Pansopha et al. (2014)).
37
pheromone plume terminate the surge and elicit zigzag waking behavior.
The result observed under both open- and biased closed-loop visual stimuli agree that dur-
ing the surge visual motion information (optic flow) from the surrounding environment modulated
pheromone searching behavior by eliciting an optomotor response such that the moth turned to the
same direction as optic flow stimuli and changed its angular velocity of turning with optic flow ve-
locity. The duration of the surge was not modulated by the presence nor the velocity of optic flow
stimuli.
The results from both the open- and biased closed-loop experiments are slightly different. Both
results indicate that the direction of the first zigzag turn was not determined by the direction of con-
stant optic flow stimuli. Although there was no modulation of behavior during zigzagging observed
in the experiment with single-pulsed pheromone and open-loop optic flow, the result from an experi-
ment under biased closed-loop visual stimuli suggested modulation of the zigzagging pattern induced
by biased optic flow. However, its function and mechanism contrasted with the optomotor response.
Specifically, during zigzagging moths tended to make a larger turn when turning towards the direction
opposite to biased optic flow, whereas they turned to the same direction as constant/biased optic flow
when performing optomotor response during the surge. Therefore, I conclude that the use of optic
flow during the pheromone-triggered behavioral response in the male silkmoth is behavioral-state
dependent.
Note that during experiment moths were allowed to move their head freely to maintain natural-
like locomotion and avoid defects from the head-fixed method. Although, head turning resulted in
a slight difference of visual field and consequently visual input which could be responsible for the
absence of the optomotor response in the experiments with single-pulsed pheromone under both open-
and biased closed-loop visual stimuli conditions, preliminary experiment on head-fixed moths using
single-pulsed pheromone and open-loop visual (Fig. 3.8) stimuli yield a similar results to that from
experiments presented earlier (Fig. 3.5). Therefore, the effect of head turning was ruled out.
3.6.2 Ethological implications of odor-search strategies
Localization toward an odor source by flying and walking male moths has been widely investi-
gated over many decades. Flying moths commonly utilise a combination of upwind surge (optomo-
tor anemotaxis) and self-steering counterturning for sex-pheromone plume tracking strategy (Baker,
1990; Vickers and Baker, 1996; Willis and Baker, 1984). The upwind surge occurs shortly after en-
countering the pheromone cue (Vickers and Baker, 1996). Moths show a reiterative upwind surge
when tracking a pheromone plume with high frequency dispersion, which results in straighter flight
(Mafra-Neto and Carde´, 1994; Vickers and Baker, 1996). It is believed that the function of the re-
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Figure 3.8. Results from the experiment with a head-fixed moth.
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Figure 3.8. Results from the experiment with a head-fixed moth. (A) Head-fixed preparation. The head
and prothorax of the silkmoth were glued together to fix head movement. The same open-loop experimental
procedure for normal moths was conducted on head-fixed moths. (B) The behavioral response during the
surge of a head-fixed moth to constant optic-flow. Similar to a normal moth, the head-fixed moth elicited an
optomotor response during the surge. (C) The behavioral response of the head-fixed moth during zigzag in
response to 1.67 Hz constant optic-flow after being stimulated with a single-pulsed pheromone. Results from
both experimental groups (C, middle and right) showed a consecutive increase in turn angle, which was similar
to the response of the control group. Although the results in the experimental group whose 1st turn was to the
direction opposite to constant optic flow (1st-Opposite) showed a slightly decreasing turn angle in the 4th turn,
it did not explicitly imply that the behavioral response was different from normal moths or the control group,
as variations in 4th turns are normally large. Furthermore, we did not find any modulation in the experimental
group whose 1st turn was to the same direction as constant optic flow (1st-Same). Therefore, we assumed
that there was no visual modulation during zigzag in the head-fixed moth and that the behavioral response was
considerably similar to that of a normal moth. In (A, B), dots represent median of samples, lower and upper
limits on error bars represent 25th and 75th percentiles, respectively. Kendall’s tau-b correlation coefficient
between the order of the turn and the rank of the turn angle by size in the control, 1st-Same and 1st-Opposite
groups were 0.81***, 0.40*** and 0.35** respectively (**P < 0.01; ***P < 0.001), suggesting that the size
of the turn angle significantly increased with the order of the turn in both the control and experimental trials,
although the correlation coefficients measured in the experimental trials were lower than that measured in the
experiment with normal moths (Fig. 3.5). (from Pansopha et al. (2014)).
iterative upwind surge is to reorient towards the pheromone source by using chemotaxis (Murlis
et al., 1992). However, loss of the pheromone plume triggers intermediate self-steering counterturn-
ing during upwind flight, which frequently occurs when manoeuvring through a meandering plume
(Mafra-Neto and Carde´, 1994; Murlis et al., 1992; Vickers and Baker, 1996; Willis and Baker, 1994).
This counterturning, which refers to both zigzagging and casting, is a self-steering mechanism, and
is presumably an intrinsically programmed behavior. Its function is to regain contact with the wind-
borne odor (Kennedy, 1983; Murlis et al., 1992). Similar to flying moths, odor tracking strategy of
walking male silkmoth moths is consist of surge and the zigzagging (Kanzaki et al., 1992). The etho-
logical implications for the two behavioral states are presumably similar to that of the flying moths.
Additionally, the zigzag-like odor tracking strategy has also been observed in fish and birds with the
similar purpose for increasing probability of encountering odor cue (DeBose and Nevitt, 2008).
The results from this study suggest that silkmoths performed the optomotor response during the
surge, which is a reflexive mechanism ulitized to compensate for unintented deviation from course by
using visual feedback and has been observed widely in insects and fish (Borst and Bahde, 1987; Borst
et al., 2010; Lo¨nnendonker and Scharstein, 1991; Rock and Smith, 1986). The ability for locomo-
tory compensation in the silkmoth has also been reported earlier in studies on insect-machine hybrid
systems (Ando et al., 2013; Minegishi et al., 2012). However, we did not observe any modulation of
behavior during zigzagging by optic flow with constant velocity (Fig. 3.5). Differences in functions
and mechanisms between the surge and zigzagging led to a speculation that the optomotor response
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was only evoked during the surge and not zigzagging. Precisely, a course correction, which is a
function of the surge and required optomotor response, was not absolutely necessary when perform-
ing a local search during the zigzagging phase. In contrast, performing optomotor response during
zigzagging would interfere with internally-controlled voluntary locomotion by suppressing turning in
an attempt to induce straighter walking. It is important to note that although the optomotor response
was not observed during zigzagging, the effect of optic flow input on behavioral response did not
completely vanish. The modulation of turn duration was observed only in the biased closed-loop
experiment in which the silkmoth received drastic changes of optic flow speed caused by the constant
bias superimposed on the feedback optic flow generated in response to moth’s steering (see section
3.6.4). This modulation altered the original zigzag walking pattern in which the absolute turn angle
increases with increasing number of turns (Fig. 3.6). Its ethological implication is still obscure, and it
is not yet excluded that the unusual or unexpected visual stimuli might have an effect on fundamental
control and result in an unusual locomotion. For example, a study showed that the fruit fly generated
an unusual curved flight paths when performing odor-source localization in horizontal striped arena
which did not observed in other visual conditions, such as in the vertical striped arena or even in the
uniform white arena which did not provide any visual cue (Frye et al., 2003). Further evaluation of the
state-depedent use of optic flow during odor-source localization will be discussed later in chapter 5
based on a computer simulation study.
Our results only demonstrate that the optomotor response was valid during the surge; neverthe-
less, a similar interference between positive chemotaxis related steering and the optomotor response
could also have occurred during the surge. A similar problem was discussed in a study on crickets
(Webb et al., 2004), in which the inhibitory interaction between olfactory and visual motion process-
ing was proposed. Further behavioral analyses with fine temporal control of odor stimuli is required
to reveal further detailed mechanisms during the surge.
3.6.3 Behavioral state dependency of visual feedback during the behavioral sequence
Several studies have demonstrated the necessity of visual cues for insects during odor-plume
tracking (Frye et al., 2003; Willis et al., 2011) and have suggested that rather than controlling behavior
separately visual and olfactory processing pathways interact and modulate each other (Stewart et al.,
2010). Our results show that silkmoths used visual feedback for course compensation by performing
optomotor response during surge behavior. This result supports the idea that visual information is
utilized during pheromone-source localization. In addition, studies in flies have demonstrated the
modulation of visual response by locomotion activity (Maimon et al., 2010; Rosner et al., 2010)
and modulation of optomotor flight control by olfactory input (Chow and Frye, 2008; Chow et al.,
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2011). These studies suggest evidences for modulation of the visual response by locomotion state
(e.g. resting, walking and flying) and by behavioral state (e.g. odor source localization and collision
avoidance). In this study, we investigated how the use of visual input is modulated by the sequential
states (surge and zigzagging) of pheromone-triggered behavioral response of the male silkmoth. As
both sequential states involve the same locomotor activity (walking) and behavioral state (pheromone-
plume tracking), our novel finding is that the visual response not only depends on locomotion state
and behavioral state but is also altered by the sequential state of behavior.
3.6.4 Differences between response to open-loop and biased closed-loop visual stimula-
tion
Comparing the results from open-loop and biased closed-loop experiments, we found that the
modulation of the zigzag walking pattern was only observed when presenting moths with biased
closed-loop visual stimuli (Fig. 3.6). Therefore, we speculated that this modulation is induced by
dynamic change of the feedback optic flow velocity caused by self-motion and asymmetrical visual
input caused by biased optic flow. Dring zigzagging in the biased closed-loop experiment, dynamic
changes of optic flow stimulation is described by alternations of : (1) fast changes in optic flow
velocity at the onset of each turn (onset optic flow) followed by (2) relatively constant optic flow
during turn (steady-state optic flow), whereas the open-loop visual stimulus only contained steady-
state optic flow (Fig. 3.9).
First, we will consider the steady-state optic flow as the key stimulus the trigger modulation
of zigzag walkin pattern. In biased closed-loop experient, during zigzagging silkmoths made larger
turns during turning to the direction opposite to the biased optic flow in which flow velocity was
accelerated (Fig. 3.6), plots in shaded areas), whereas they made smaller turns during turning to the
same direction as the biased optic flow in which the flow velocity was decelerated. The difference
of optic flow velocity (i.e. temporal frequency) during each turn was presumably responsible for
modulation of the zigzagging pattern. However, temporal frequency of steady state optic flow, i.e.
strength visual stimulus, moths actually perceived were not linearly correlated. Assuming that the
magnitude of turn angular velocity in the temporal frequency turning curve (Fig. 3.5A, obtained in
the open-loop experiment) represents the strength of visual stimuli, temporal frequency ranging from
±1.5 to ±2.5 Hz is considered the maximum visual stimulus intensity. Further analysis shows that
temporal frequencies during accelerated or decelerated optic flow periods in the biased closed-loop
experiment did not fall within this range (see Fig. 3.10), particularly in experiments with biased
optic flow at higher temporal frequencies (1.67 and 2.5 Hz). Therefore, although the difference in
optic flow velocity during each turn (accelerated or decelerated optic flow) represents a difference
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Figure 3.9. Schematic plots for optic flow velocity during experiments with open- and closed-loop visual
stimuli. (A) Open-loop visual stimulus for control trials (cont.). A stationary grating pattern was presented
(red line, optic-flow velocity is zero). A positive value represents turning to the left, and a negative value
represents turning to the right. (B) Open-loop visual stimuli for experimental trials (exp.). Optic flow with
a constant temporal frequency was presented. (C) Closed-loop visual stimuli for control trials. Feedback
optic flow with a unity gain, comprising transient (yellow) and relatively constant optic flow (green), was
presented. (D) Biased closed-loop visual stimuli for experimental trials. Due to the biased optic flow (to
the left), optic flow velocity became slower when the moth turned to the same direction as biased optic flow
(to the left) and became faster when it turned to the opposite direction (to the right). There were two states
of steady-state optic flow: fast and slow optic flow (OF), and there were two states of onset optic flow:
slow-to-fast and fast-to-slow.
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of stimulus strength to some degree, there is a possibility that there was not much difference in
stimulus strength perceived by the moths between accelerated and decelerated optic flow. In the other
word, steady-state optic flow did not modulate zigzagging pattern. The behavioral response to open-
loop visual stimuli during zigzagging also agreed with this assumption. The results indicated that
no significant modulation of the zigzagging pattern and no significant difference in the size of the
turn angle between experimental groups that were presented with constant optic flow stimuli with
different temporal frequencies including 1.67 Hz (Fig. 3.5), which fall within the range of maximum
visual stimulus intensity. These results suggest that modulation of the zigzagging pattern was not
elicited solely by a difference in stimulus strength of the steady-state optic flow.
Figure 3.10. Temporal frequency of optic-flow in experiments with biased closed-loop visual stimuli. (A)
Temporal frequency tuning curve of turn angular velocity during surge in the experiment with open-loop
visual stimuli (adopted from Fig. 3.4). Assuming that the magnitude of angular velocity in the tuning curve
corresponds to the strength of visual input to silkmoths, its maximum is achieved by optic flow stimuli
with temporal frequencies ranging from ±1.5 to ± 2.5 Hz (blue-shaded area). Positive or negative values
indicate optic flow direction, negative for right and positive for left. (B) The temporal frequency of optic
flow stimuli during each turn in the experiments with biased closed-loop visual stimuli. Positive values
indicate the opposite direction to corresponding turns and negative values indicate the same direction as
turns. In the control condition, which was only comprised of feedback optic flow, its temporal frequency
mostly fell into the blue-shaded area corresponding to the peak of the tuning curve in (A). In contrast,
temporal frequencies of accelerated or decelerated biased optic flow due to self-motion (1st-Same and 1st-
Opposite) fell outside the blue-shaded area, except for the experimental groups with 0.83 Hz biased optic
flow, suggesting that the accelerated and decelerated optic flow were not perceived as strong visual inputs
to the moths. 1st-Same, experimental groups whose 1st turn is to the same direction as biased optic flow;
1st-Opposite, experimental groups whose 1st turn is to the direction opposite to biased flow. Dots represent
median of samples, lower and upper limits on error bars represent 25th and 75th percentiles, respectively.
(from Pansopha et al. (2014)).
After ruling out the steady-state optic flow as a key stimulus that triggered modulation of zigzag
walking pattern, the other plausible factor is the onset optic flow. In the experiment with biased
closed-loop visual stimuli, the silkmoths experienced two different types of fast changes in optic flow
velocity: from slow to fast at the onset of turns to the direction opposite to the biased optic flow and
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from fast to slow at the onset of turns in the same direction as the biased flow (Fig. 3.9). Although
we do not have any evidence that the onset of optic flow elicits particular neuronal responses in
the visual system of silkmoths, studies on neuronal response of the motion-sensitive interneurons
to constant optic flow in blowflies have demonstrated that activity responses rise sharply during the
initial transient state after the onset of visual stimuli, then decrease and stabilise to smaller steady-
state values (Jung et al., 2011; Kalb et al., 2008; Suver et al., 2012). Therefore, we speculate that this
kind of strong transient visual response occurred at the onset of each turn, and might be one of the
potential factors that are responsible for the modulation of zigzagging observed only in our biased
closed-loop experiment (Fig. 3.11).
Figure 3.11. A conclusion diagram for the dynamic use of optic flow during pheromone-triggered behav-
ioral response. In the silkmoth, pheromone exposure triggers the initiation of behavioral response starting
from surge and followed by zigzagging. During surge, the behavioral response can be modulated by con-
stant optic flow, which elicits an optomotor response. The preferred direction during the surge is to the same
direction as the optic flow input. When losing contact with pheromone plume, the moth performs successive
zigzag turns. The modulation of zigzag walking pattern can be modulated by the transient optic flow (i.e.
accelerated optic flow), but not the steady-state optic flow (i.e. constant optic flow). In contrast to the opto-
motor response during the surge, the preferred direction during zigzagging is to the opposite direction to the
biased optic flow. During these turns, optic flow velocity is accelerated by the same direction of feedback
and biased optic flow, which results in the flow to the direction opposite to the current turn direction. This
accelerated optic flow possibly modulates zigzagging pattern by increasing the size of absolute turn angle
or prolonging turn duration after receiving the transient optic flow with velocity changes from slow to fast.
(from Pansopha et al. (2014)).
Although the ethological implication of this mechanism is still unknown, our results suggest
that multiple neural pathways are involved in olfactory and visual integration and that the internal
programmed behavior underlying zigzagging is possibly modulated by visual-motion information.
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3.6.5 Speculation of the neural mechanisms and pathways underlying dynamic use of
optic flow during the pheromone-triggered behavioral response
Earlier studies have demonstrated that pheromone-triggered behavioral responses of the male
silkmoth is a programmed behavioral pattern and the neural mechanism underlying surge and zigzag-
ging are generated and controlled by two different neural circuits (Kanzaki et al., 2004; Wada and
Kanzaki, 2005). The activity response of descending motor neurons during the surge is a phasic
response, whereas a so-called ‘flip-flop’ activity is observed during zigazaging. This flip-flop activ-
ity is a long-lasting tonic response generated by an internal reciprocally inhibitory oscillator in the
premotor center of the silkmoth’s brain (Iwano et al., 2010; Wada and Kanzaki, 2005).
The previous findings that surge and zigzagging are generated by two different neural pathways
with different pheromone-triggered activity response agree with our finding on behavioral-state de-
pendent use of optic flow. A study on behavioral response of the silkmoth to pheromone showed that
it perform chemotaxis during surge when presented with pulsed pheromone alone, during which the
direction is surge is towards the direction of higher pheromone concentration (Takasaki et al., 2012).
This study further provide the evidence for the use of optomotor response for directional control
during the surge. Based on both findings, it is suggested that there is an interaction between visual
and surge-related olfactory pathways.
When the silkmoth performed zigzagging, however, we did not find the optomotor response to
constant optic flow alone, i.e. open-loop optic flow (Fig. 3.5). This might be due to the suppression
of visual response by efference copy or corollary discharge during zigzagging (Zaretsky and Rowell,
1979). These mechanisms have been found in several animals and in visual and non-visual sensory
pathways, and their function is to recognize self-generated sensory feedback and externally generated
sensory information based on the internal copy of the self-generate motor command (Murphey and
Palka, 1974; Poulet and Hedwig, 2007; von Holst and Mittelstaedt, 1971).
However, in the experiment with single-pulsed pheromone and biased closed-loop visual stimuli,
the visual modulation was observed during zigzagging (Fig. 3.6), and its mechanism was inconsistent
to that occurred during the surge. Specifically, optic flow modulated turning angular velocity in
correspondence with optic flow velocity during the surge, whereas the turn duration was modulated
during zigzagging. Note that the linear relationship between turn angle and turn duration suggests
that turn angle was determined by turn duration rather than angular velocity (Fig. 3.7). In addition,
the visual modulation occurred during surge was elicited by constant optic flow, while and the visual
modulation during zigazaging was possibly elicited by the onset of optic flow stimuli.
Based on both results from the experiment with open-loop optic flow and from the experiment
with biased closed-loop optic flow, we concluded that silkmoth only perform optomotor response
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during surge, but not zigzagging. This suggest that interactions between the visual-motion and ol-
factory processing pathways occurs in different manners during the surge and zigzagging. This idea
is supported by evidences that separate neural circuits are responsible for controlling moths’ steering
control during these two behavioral states (Kanzaki et al., 2004; Wada and Kanzaki, 2005). Earlier
studies on the neural mechanism underlying pheromone-triggered behavioral responses have demon-
strated that surge and zigzagging are controlled by two different neural circuits (Kanzaki et al., 2004;
Wada and Kanzaki, 2005). Neural activity during the surge shows a phasic response in a descending
motor pathway, whereas zigzagging shows so-called ‘flip-flop’ activity, which is a long-lasting tonic
response generated by a neural circuit in the premotor center of the silkmoth’s brain (Iwano et al.,
2010; Wada and Kanzaki, 2005). Further investigation in the neural network level and the specula-
tion on the interaction between visual and olfacotory processing pathways based on neuroanatomical
study will be discussed in chapter 4.
In this study, although the speculation about the neural mechanism underlying dynamic use of
optic flow is solely based on our results from behavioral studies, the idea of visual response gating
by the sequential states of pheromone-triggered behavior is promising. This finding could lead to
further understanding of the neural mechanisms underlying this behavior and provide a guideline for
future studies at the neuroanatomical and neurophysiological level. This study does not only shed
light on further understanding of design principles of biological system, but also provide a promising
idea for developing odor-source localization algorithm for robotic applications, which will be further
discussed in chapter 5.
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CHAPTER 4
Anatomical study: The visual processing pathway in the
silkmoth’s brain
4.1 Introduction
Previous studies have demonstrated that pheromone-triggered behavioral response of the male
silkmoth, Bombyx mori, can be modulated by visual and olfactory inputs (Ando et al., 2013; Pansopha
et al., 2014; Takasaki et al., 2012). In chapter 3, the results from behavioral study have revealed that
the use of optic flow during pheromone-triggered behavior is behavioral-state dependent. Specifically,
the silkmoth performed optomotor response during surge by modulates its turning angular velocity
based on the strength of optic flow input. However, the similar mechanism was not observed during
zigzagging. In contrast, the duration of zigzag turn could be modulated by accelerated optic flow.
Based on the result from behavioral study, we hypothesized that there exist at least two neural path-
ways that are responsible for locomotion control during surge and zigzagging (Fig. 4.1), which is also
supported by physiological evidences on the activity response of descending neurons to pheromone
stimulus in the silkmoth (Kanzaki et al., 2004; Wada and Kanzaki, 2005).
The neural pathway related to olfactory processing in the silkmoth has been extensively studied.
It has been demonstrated that after the antenna lobe, a primary olfactory processing center, receives
pheromone input from the antenna, it converges that information to the mushroom body (MB) and the
delta area of the inferolateral protocerebrum (∆ILPC). Then, the pheromone information is relayed in
the superior medial protocerebrum (SMP) before being conveyed to the lateral accessory lobe (LAL),
a premotor center which generates locomotion control signals and sends them via descending neurons
to neck muscles and motor centers for locomotion control of walking and flying, the thoracic ganglia.
(Haupt et al., 2009; Kanzaki et al., 2003; Namiki et al., 2014; Sakurai et al., 2014; Seki et al., 2005).
However, visual pathways in the silkmoth have not yet been widely investigated, and only a few visual
processing related neurons have been reported so far (Namiki et al., 2014).
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In this study, the visual pathways in the silkmoth was examined by conducting mass-staining and
confocal microscopy, which are methods in neuroanatomy. Then, the interactions between visual and
olfactory processing pathways and their roles during behavioral-state-dependent pheromone-source
localization were speculated based on the staining result together with literature review.
4.2 Aims
The aims of this study is to investigate the visual pathways of the silkmoth’s brain, then com-
pare to the already-known visual pathways in other insect species which have been extensively stud-
ied. The comparative analysis would allow further speculation on the interaction between visual and
olfactory processing pathways and how it modulates the pheromone-source localization behavior of
the male silkmoth.
4.3 Hypotheses
The result from behavioral study in chapter 3 has demonstrated that during surge the silkmoth
adjusted its turning angular velocity in accordance with the speed of optic flow input, a mechanism
called optomotor response. However, the similar behavioral response was not observed during zigzag-
ging. Although the turning angular velocity of zigzag walking was not modulated by the steady-state
optic flow (see Fig. 3.11 in chapter 3), it was suggested that the duration of zigzag turns could be
prolonged by the transient optic flow, i.e. the onset of slow-to-fast optic flow or accelerated optic
flow. The difference in mechanisms of behavioral modulation occurred during the different behav-
ioral states suggested the existence of two different neural circuitries underlying the locomotion con-
trol during the pheromone-triggered behavior. Based on the evidences on neural pathway underlying
visuomotor control (Gronenberg and Strausfeld, 1990; Milde et al., 1992) and the current knowledge
on pheromone processing pathway described above, we hypothesized that visual input modulates the
turning angular velocity during surge through direct connections between motion-sensitive interneu-
rons from the optic lobe and descending neurons carrying motor control signal. The potential site
for these direct connections is the posterior slope (PS) in the ventroposterior protocerebrum. On the
other hand, the modulation of zigzag turn duration by accelerated optic flow observed in the behav-
ioral study in chapter 3 suggests that the LAL, which is a potential site for generation of programmed
zigzag walking, receives visual information from the optic lobe which modulates the temporal char-
acteristic of zigzagging (Fig. 4.1).
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Figure 4.1. The hypothesis on the interaction between visual and olfactory processing pathways during
pheromone-source localization in the male silkmoth. In this study, we hypothesized that the direct connec-
tions, sited in the posterior slope (PS), between motion-sensitive interneurons which receives input from
the optic lobe (OL) and the descending neurons carrying motor control signal from the lateral accessory
lobe (LAL) are responsible for the modulation of turning angular velocity during surge by wide-field optic
flow. On the hand, durations of the zigzag turns might be modulated by accelerated optic flow signal from
the optic lobe to the LAL, a premotor center which is believed to a crucial brain structure for generation of
programmed zigzag walking. AL, antenna lobe; ∆ILPC, inferolateral protocerebrum, SMP, superior medial
protocerebrum.
4.4 Materials and Methods
4.4.1 Experimental Animals
Male silkmoths, Bombyx mori L. (Lepidoptera: Bombycidae) (Fig. 3.1), were reared from eggs
to adults in our laboratory on artificial diets under a controlled environment at 25−27◦C, 50−60%
relative humidity, and under 16 h:8 h light:dark photoperiod. Adult male moths were maintained
in incubator at 15◦C after eclosion to prolong their lifespan. Animals were used in the experiments
within 3−14 days of eclosion.
4.4.2 Mass-staining
In this study, the target areas for mass-staining are: 1) the whole optic lobe and 2) the lobula
complex. Mass-staining was performed by implementing dye crystal insertion technique. The ab-
domen, wings and wing muscles were removed in order to reduce movement during dye insertion.
Each moth was mounted ventral-side-up in a wax chamber, and its head and body were immobilized
by tungsten needles. The brain was exposed by cutting open either the left or right posterior side of the
head capsule, and removing the tracheae. The brain was then superfused with physiological saline,
and then fine forceps was used to desheath the brain above the target area. A glass micropepette
with a broken tip was dipped into Vaseline to pickup Texas Red dextran crystals (D3328, Molecular
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Probes, Eugene, OR), and the tip of micropipette was then manually inserted into the target area under
visual control. The superficial tracer was removed by rinsing with physiological saline extensively,
and then the opened area was covered with Vaseline. The preparation was kept in a Petri dish, and
moist Kimwipe was placed around the preparation to prevent drying. The whole preparation was then
wrapped by aluminum foil and kept in the dark overnight at 4◦C to allow the dye to diffuse.
The brain was dissected out and stored in fixative solution (4% PFA in 0.01 M PBS) overnight
at 4◦C. The brain was then dehydrated with a graded series of 70%, 80%, 90%, and 95% ethanol
for 15 mins each, and 100% ethanol for 20 mins twice. The brain was then cleared by using methyl
salicylate.
4.4.3 Backfill labelling
The backfill labelling was performed to investigate the arborization sites in the brain area of the
descending neurons through the ventral nerve cord. Firstly, the abdomen, wings and wing muscles
of the silkmoth were removed in order to reduce movement during backfilling. The moth was placed
ventral-side-up in a wax chamber and immobilized by pinning its head and thoracic cuticle to the
chamber by using tungsten needles. The cervical connectives were exposed by making a ventral
incision in the neck region, and the cut-opened area was superfused by physiological saline to prevent
hemolymph coagulation. The two fused cervical connectives were then surgically separated with a
sharpened tungsten needle. The left cervical connective and the left second cervical nerve (2nd CN),
comprising neck motor neurons (Berry and Ibbotson, 2010; Kanzaki et al., 2013; Wada and Kanzaki,
2005), were cut, and only the cervical connective was placed in a Vaseline well on a small pieces of
Parafilm positioned on top of the neck. More Vaseline was added on top of the well’s wall to form a
deeper well. Distilled water was added to the well to let the nerve cells at the cut end expand which
would facilitate absorption of fluorescent dye, and then removed by using Kimwipes (lab tissues).
After that, the well was filled with Lucifer yellow CH solution (Sigma-Aldrich, St. Louis, MO; 4% in
distilled water). Then, additional Vasaline was applied to cover the wells. The preparation was kept
in a Petri dish in same fashion as described above, and kept in the dark overnight at 4◦C. After that,
the brain was dissected, fixated, dehydrated and cleared by the same procedure as described above.
For double-labeling experiment, both the cervical connective and the 2nd CN were placed in two
separated Vasaline wells, and the well with the 2nd CN was filled with Lucifer yellow CH solution
while the well with the cervical connective was filled with dextran–tetramethylrhodamine solution
(D3308, Molecular Probes, Eugene, OR; 1% in distilled water). Other than that, the same procedure
as described above was performed.
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4.4.4 Confocal microscopy
Confocal images of the whole-mount brains was taken by using a Zeiss confocal laser scanning
microscope (LSM510, CarlZeiss,Jena,Germany) with Plan Apochromat 10x (0.45 numerical aper-
ture) objectives and Plan Apochromat 40x (1.0 numerical aperture) objectives. The stained neurons
were examined by using a HeNe laser delivering an excitation wavelength of 543 nm with a band
pass filter at 560−615 nm. Serial optical sections were acquired at around 0.6- or 1-µm intervals
throughout the entire depth of scanned portion of the brain. The configurations for confocal scanning
were: image resolution of 1024×1024 pixels, 12-bit data and scan speed of 5−6.
4.5 Results
To investigate all neural pathways involving visual processing in the silkmoth’s brain, fluores-
cent dye was injected into the optic lobe by targeting a wide area and performing multiple dye-crystal
insertions. To narrow down the stained neurons to visual motion processing related pathways, only
the lobula complex (including the lobula and the lobula plate) was targeted. For each dye injection
target, the experiment was performed on at least three samples which gave consistent results. In each
experiment with different target area, only the best sample were imaged by confocal microscopy.
4.5.1 Neural connections to the optic lobe
Mass-staining of the optic lobe revealed several visual pathways from the optic lobe to several
areas in the central brain (Fig. 4.2). In this experiment, the Texas Red fluorecent dye was injected
into the right optic lobe of the silkmoth. The confocal imaging result shows a visual pathway pro-
jecting anteriorly and dorsally from the optic lobe to the ipsilateral anterior optic tubercle (AOTu)
(Fig. 4.3, 4.4A), and also shows a neural pathway running along the dorsal part of the brain to the
contralateral AOTu (Fig. 4.5A, B). The fluorescent dye also labeled another neural tract which projects
from the optic lobe toward the AOTu, then bends down and ramifies in the ipsilateral LAL (Fig. 4.4A).
The neural pathway to the contralateral AOTu also has connections to the LAL in the similar manner
(Fig. 4.5A, B and the red tract in Fig. 4.5E). This anterior optic commissure (AOC) which links the
optic lobe to the AOTu and the LAL in the both hemispheres is resemble to that observed in locust,
bumblebee and fly (Homberg et al., 2011; Otsuna and Ito, 2006; Pfeiffer and Kinoshita, 2012).
Other than the innervation in the LAL by visual interneurons within the AOC, the fluorescent
dye also labelled a direct connection from the optic lobe which runs ventrally to the VLP and enters
the ventrolateral part of the LAL (Fig. 4.6, yellow arrow). This pathway conforms with the morphol-
ogy of interneurons connecting the lobula complex to the LAL and the PS in the same hemispheres
observed the silkmoth (Namiki et al., 2014). The result also shows another neural pathway to the
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Figure 4.2. The result of dye insertion into the right optic lobe. (A) An anterior view of a mass-stained
brain reveals connections between the optic lobe and other areas in the central brain. The result was ob-
tained by confocal scanning of the left and right hemispheres separately by using 10x objectives with 1.5x
zoom. The image is displayed by depth color-code, where red represents the most anterior region and blue
represents the most posterior region. The dash line in the middle indicates the separation of the two images,
and the while dotted line illustrated the border of the brain. (B) A diagram illustrating the organization of
silkmoth’s central brain in an anterior view. Note that the antennal lobe is not shown in this diagram.
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Figure 4.3. The three main optic commissures connecting the two hemispheres of the brain. (A) The an-
terior optic commissure (AOC) connects the optic lobes to anterior optic tubercle (AOTu, red dotted line),
lateral accessory lobes (LAL, green dotted line) and the opposite lobula (Lo, cyan dotted line), whereas the
inferior optic commissure (IOC) sends projection to the lobula and the medulla (Me, purple dotted line).
(B) The posterior optic commissure (POC) sends connection to the opposite medulla. These images were
reconstructed from confocal scanning of the left and right hemispheres separately by using 10x objectives
with 1.5x zoom. The border of each image is indicated by a vertical dash line. Theses sub-images were ob-
tained by orthogonal projection of z-stacks onto z-plane, and the depths along z-axis used to reconstructing
these projection images are labeled in either white or black fonts.
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Figure 4.4. Visual pathways in the ipsilateral protocerebrum. (A) Confocal images taken from the an-
terior to posterior (left: anterior view; right: sagittal view) reveals visual pathways from the optic lobe to
several neuropils in the ipsilateral hemisphere, which are anterior optic tubercle (AOTu), lateral accessory
lobe (LAL), ventrolateral protocerebrum (VLP). (B) The calyx of mushroom bodies (MB) in the ipsilateral
hemisphere is labeled by fluorescent dye when performing confocal imaging from the posterior to anterior
(left: posterior view; right: sagittal view). (C) Confocal images of the mass-staining result in (A) displayed
at different depths. (D) Reconstructed images from two confocal imaged scanned at two different depths
demonstrating neural commissure linking the optic lobe to the lobe of the MB. (E) An illustration demon-
strates confocal imaging site. (F) A diagram summarizes visual pathways based on (A)−(D). In (A)−(D),
theses images were obtained by orthogonal projection of z-stacks onto z-plane, and the depths along z-axis
used to reconstructing these projection images are labeled in either white or black fonts. In (C) and (D),
scale bars = 50 µm. In (A) and (B), the width of the right images are equal to 181 µm and 138 µm, respec-
tively. AOC, anterior optic commissure; IOC, inferior optic commissure; Pe, pedunculus of the MB; CC,
central complex.
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Figure 4.5. Visual pathways in the contralateral protocerebrum. (A) Confocal images taken from the
anterior side (left: anterior view; right: sagittal view) reveals visual pathways from the optic lobe to the
anterior optic tubercle (AOTu), the lateral accessory lobe (LAL), the ventrolateral protocerebrum (VLP)
in the opposite hemisphere (left: anterior view; right: sagittal view). (B) Confocal images of the dorsal
sections of (A) reveals neural connections to ventrolateral protocerebrum which separate from inferior
optic commissure (IOC) slightly dorsal to it. (C) Confocal images of neural connection to opposite LAL
and its ramification in this neurophil. (D) An illustration demonstrates confocal imaging sites. (E) A
diagram summarizes visual pathways in this region. In (B) and (C), the yellow arrows highlight the neuron
that connects the optic lobe to contralateral LAL. In (A)−(C), theses images were obtained by orthogonal
projection of z-stacks onto z-plane, and the depths along z-axis used to reconstructing these projection
images are labeled in white font.
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contralateral LAL which runs ventrally to the ipsilateral LAL, crosses to the opposite hemisphere
anteriorly to the central complex (CC), and enters the contralateral LAL (Fig. 4.5B, 4.5C, 4.7A-vi,
yellow arrows). A previous study has also identified visual interneurons from the lobula plate to the
contralateral LAL and PS (Namiki et al., 2014).
Figure 4.6. Visual pathways to the ipsilateral lateral accessory lobe (LAL) in the ventral protocerebrum.
(A) Confocal image shows a neural connection to the ventral part of the LAL. (B) An illustration demon-
strates confocal imaging site. (C) A diagram summarizes visual pathways viewed in (A). In (A), the image
were obtained by orthogonal projection of z-stacks onto z-plane, and the depths along z-axis used to re-
constructing these projection images are labeled in white font. The yellow arrow indicates a neural tract
connecting the optic lobe to ipsilateral LAL.
The result also reveals that the VLP in the both brain hemispheres are widely innervated by
visual interneurons (Fig. 4.4A, C-i and Fig. 4.5A, B). The visual interneurons from the optic lobe
enters the brain laterally and immediately ramify in the VLP regions of the same hemisphere, whereas
some projections cross the brain tentatively along inferior optic commissure (IOC) and enters the
contralateral VLP. Studies in bumblebee and fruit fly, have revealed that the lateral protocerebrum
receives projections from the lobula and the medulla, and there are optic glomeruli located in this
area (Mu et al., 2012; Otsuna and Ito, 2006; Paulk et al., 2009; Strausfeld et al., 2007; Wu et al.,
2016).
In addition, there are also visual pathways connecting the optic lobe to higher-order central
processing region, the MB. The result reveals a neural commissure, located behind the AOTu, enters
the lobe of the ipsilateral MB (Fig. 4.4C-i, D), and the calyx of the ipsilateral MB was also labeled
(Fig. 4.4B). Direct visual inputs from the optic lobe to the MB have also been confirmed in several
other insect species (Ehmer and Gronenberg, 2002, 2004; Kinoshita et al., 2015; Lin and Strausfeld,
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2012; Strausfeld et al., 2009; Yagi et al., 2016). Although there appears to be neural projections
reaching the edge of the CC in Fig. 4.4C-ii, those neurons only runs around the border of the CC and
there is no invasion into the CC itself (Fig. 4.7).
Figure 4.7. Confocal images of the medial protocerebrum. (A) Confocal images displayed at different
depths through the silkmoth’s brain taken from the posterior to anterior. The result suggests no neural
innervation in the central complex (CC). Scale bars = 50 µm. (B) An illustration demonstrates confocal
imaging site. In (A-vi) the image were obtained by orthogonal projection of z-stacks onto z-plane from the
depth immediately posterior to the CC to the last stack of the sample (the most anterior brain region). The
yellow arrow highlights the neuron that connects the optic lobe to the contralateral lateral accessory lobe.
The posterior region of the brain is the most densely and extensively invaded area by visual
interneurons, especially in the PS, and the posterior optic commissure (POC) which connects the two
brains hemispheres also lies in this region (Fig. 4.8). The result reveals innervations by neurons with
large axons in the PS, deutocerebrum and subesophageal ganglion (SOG) (Fig. 4.8B) which conform
with the morphology of the motion-sensitive lobula plate tangential cells (LPTCs), namely vertical
system (VS) and horizontal system (HS) cells identified in a variety of insect species (Hengstenberg,
1982; Krapp et al., 2001; Strausfeld and Bassemir, 1985a,b; Wicklein, 1999). The contralateral PS
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and deutocerebrum are also invaded by varicose arborizations of visual interneurons that run through
the posterior optic commissure (POC). Visual interneurons from the lobula plate with similar axonal
ramifications in the same region has been identified in silkmoth (Namiki et al., 2014). In flying moth
and honeybee, visual interneurons from the medulla and the lobula, respectively, has varicose process
in these regions of the both hemispheres (Hertel and Maronde, 1987b; Milde, 1993; Maronde, 1991).
One descending neuron from the optic lobe sends projection to the opposite hemisphere, then bends
down and runs through the ventral nerve cord is also labeled by the fluorescent dye. The similar
descending neuron which has dendritic ramification in the inner lobula was also stained by Lucifer-
yellow backfilling of the cervical connective (Fig. 4.9A,B). A study in fruit fly has also identified the
similar descending neurons (Hsu and Bhandawat, 2016; Na¨ssei and Strausfeld, 1982).
Figure 4.8. Visual pathways to the ventroposterior protocerebrum. Confocal images taken from the pos-
terior side of the left hemispheres (A) and right hemisphere (B). The sagittal view of the images in (A) and
(B) are shown in (C) and (D), respectively. The result reveals dense arborizations in the posterior slope (PS)
which extend to posterior deutocerebrum and subesophageal ganglion (SOG). Theses images were obtained
by orthogonal projection of z-stacks onto z-plane, and the depths along z-axis used to reconstructing these
projection images are labeled in white font. (E) An illustration demonstrates confocal imaging sites. (F) A
diagram summarizes visual pathways in this region.
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Figure 4.9. Morphology of descending neurons to the neck muscles and the ventral nerve cord. (A)
Confocal images of descending neurons in the cervical connective visualized by Lucifer-yellow backfill
of the left cervical connective (left: anterior view; right: sagittal view). The neural connection to the
contralateral optic lobe is indicated by a red arrow. This image was taken by using 10x objectives. (B) The
confocal image of a descending neuron with innervation in the lobula (Lo) taken from the same sample as
in (A) by using 40x objectives. The imaged area is correspondent to the dotted frame in (A). (C) Confocal
images of double-labeled neck motor neurons (green) and descending neurons to the ventral nerve cord
(magenta) visualized by Lucifer-yellow and tetramethylrhodamine backfill of the left second cervical nerve
(2nd CN) and cervical connective respectively (left: posterior view; right: sagittal view).
The results shows that the optic lobes in both brain hemispheres connects with each other by
three main commissures: AOC, IOC and POC (Fig. 4.10). The AOC sends the projection passes
through the dorsoanterior protocerebrum to the contralateral optic lobe which enters at the lobula
(Fig. 4.10D-i, yellow arrow). The similar visual pathway has been identified in other insects, which
corresponds to anterior optic tract (AOT) and intertubercle tract (ITT) in locust, cockroach, honey-
bee and bumblebee (Reischig and Stengl, 2002; Hertel et al., 1987; Homberg et al., 2011; Pfeiffer
and Kinoshita, 2012). The IOC extensively ramifies in the contralateral lobula and also sends fur-
ther projections to the medulla (Fig. 4.10D-v) with somata located dorsally to the lobula complex.
The axonal ramification profile and the positions of somata are similar to that of serpentine optic
commissure (SOC) in cockroach and honeybee (Hertel et al., 1987; Reischig and Stengl, 2002), and
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dorsal cluster neuron (DCN) commissure (Langen et al., 2013; Srahna et al., 2006) or great commis-
sure (GC) (Otsuna and Ito, 2006) in fruit fly. The POC has wide arborisations in the entire medulla
(Fig. 4.10A,D-iii), and the lobula plate is also innervated by visual interneurons running through this
commissure (Fig. 4.10D-ii). The POC has also been identified in various species (Hertel et al., 1987;
Milde, 1993; Otsuna and Ito, 2006; Reischig and Stengl, 2002).
Figure 4.10. Visual pathways to the contralateral optic lobe. (A) A confocal image of the contralateral
optic lobe (posterior view) reveals connections to the opposite brain hemisphere via three optic commissure:
anterior optic commissure (AOC), inferior optic commissure (IOC) and posterior optic commissure (POC).
This image was obtained by orthogonal projection of z-stacks onto z-plane. The thickness of the sample
is 244 µm. (B) An illustration demonstrates confocal imaging site. (C) A diagram summarizes visual
pathways to the opposite optic lobe. (D) Confocal images of the same sample as in (A) taken from posterior
to anterior at different depths. The arrow in (D-i) indicates anterior optic commissure, and the arrow in
(D-ii) highlights the neural connection to the lobula plate (LP), which is slightly posterior to posterior optic
commissure. Scale bars = 50 µm. Lo, lobula; Me, medulla.
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In summary, the silkmoth’s optic lobe has neural connections with several areas in central brain,
which are the AOTu, the LAL, the VLP and the PS of the both hemispheres, the opposite optic lobe
and the ipsilateral MB (Fig. 4.11), and there are three main optic commissure that connect the two
hemispheres: the AOC, the IOC and the POC (Fig. 4.11A).
Figure 4.11. Schematic diagrams of visual pathways in the silkmoth’s brain. (A) A Scheme summarizing
visual pathway from the optic lobe to different neuropils in the central brain based on the mass-staining
results. (B) A block diagram of visual pathways in the central brain of silkmoth.
4.5.2 Neural connections to the lobula complex
In this experiment, the Texas Red fluorescent dye was injected into the ventral part of the lob-
ula complex in the right hemisphere, and the injected site was penetrated through the lobula plate
to the lobula. The result reveals several visual pathways from the lobula complex (LoC) to several
areas in the central brain (Fig. 4.12). Arborisations in the LAL and the PS in the both hemispheres
and the contralateral optic lobe was clearly labeled when viewing with 40x objectives (Fig. 4.13).
The ipsilateral AOTu and LAL are innervated by visual interneurons via AOC (Fig. 4.13A), in the
similar manner to that observed in the above experiment. Meanwhile, two visual interneurons con-
necting the optic lobe to the contralateral LAL was clearly labeled. One neuron mainly innervates the
LAL, whereas the other neuron ramifies in both the LAL and the PS (see yellow and white arrows
in Fig. 4.13B, D-i). The latter has similar innervation areas to that of lobula plate interneurons in
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the silkmoth (Namiki et al., 2014). The result also reveals a varicose arborisation in the ipsilateral
PS and further innervation in the deutocerebrum region (Fig. 4.13C-ii, C-iii), which possibly cor-
responds to the motion-sensitive lobula plate tangential cells (LPTCs) (Hengstenberg, 1982; Krapp
et al., 2001; Strausfeld and Bassemir, 1985a; Wicklein, 1999) and looming sensitive neurons (Wick-
lein and Strausfeld, 2000) base on the axonal innervation regions. All the areas in the opposite optic
lobe (including the medulla, the lobula and the lobula plate) are faintly labeled by the fluorescent dye
(Fig. 4.13E). In addition, the result reveals a neural tract to the opposite hemisphere with arboriza-
tions in small areas in posterior medial protocerebrum (Fig. 4.13F, yellow arrows). These innervated
areas might correnponds to posterior optic tubercles (POTu) which lie slightly posterior to POC in the
monarch butterfly (Heinze and Reppert, 2012).
Figure 4.12. Mass-staining result revealing visual pathway connecting the lobula complex (LoC) to other
areas in the central brain. This image is reconstructed from multiple confocal images.
To sum up, the mass-staining of the lobula complex reveals connections with the LAL and the
PS in both hemispheres, the ipsilateral AOTu and the opposite optic lobe (Fig. 4.14). It is important
to note that, in this experiment, only the ventral part of the lobula complex was stained; therefore, not
all neural pathways connecting to the lobula complex was identified.
4.6 Discussions
In this study, the visual pathways in the silkmoth’s brain was investigated by mass-staining the
optic lobe and the lobula complex. The results reveal visual pathways to several neuropils in the
central brain (Fig. 4.11, 4.14) and three main optic commissures: the AOC, the IOC and the POC
which were classified by their projection pathways across the midbrain. The LAL and the PS were
also distinctively labelled by fluorescent dye which confirms our hypothesis about the neural connec-
tions between these two brain areas and the optic lobes and their possible roles in the state-dependent
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Figure 4.13. Confocal images demonstrating neural connections from the lobula complex (LoC) to other
brain areas. (A) A confocal image of the anterior protocerebrum in the ipsilateral hemisphere in which
the anterior optic tubercle (AOTu) and lateral accessory lobe (LAL) was stained. (B) A confocal image of
the anterior protocerebrum in the opposite hemisphere shows neural connections to the contralteral LAL
by two neurons (white and yellow arrows). (C) Confocal images of the ventral protocerebrum in the right
hemisphere taken from posterior to anterior at different depths shows neural connections to the posterior
slope (PS). (D) Confocal images of the ventral protocerebrum in the left hemisphere taken from posterior to
anterior at different depths which demonstrates the neural innervation in the opposite LAL and PS. A white
arrow in (D-i) indicates a neuron which connects the optic lobe to the opposite LAL which corresponds
to the same neuron highlighted by a white arrow in (B). In (C) and (D), the images were mirrored for
easy comparison to (A) and (B). (E) A confocal image showing neural connections to the opposite optic
lobe. (F) A confocal image of the posterior medial protocerebrum revealing innervation in unidentifiable
neuropils. (G) An illustration demonstrates confocal imaging sites. In (A)−(F), the images were obtained
by orthogonal projection of z-stacks onto z-plane, and the depths along z-axis used to reconstructing these
projection images are labeled in the images. Scale bars = 50 µm. Lo, lobula; LP, lobula plate; Me, medulla,
SOG, subesophageal ganglion.
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Figure 4.14. Schematic diagrams of visual pathways connecting the lobula complex (LoC) to other brain
areas. A) A Scheme summarizing visual pathway from the lobula complex to different neuropils in the
central brain based on the mass-staining results. (B) A block diagram of visual pathways relating to the
lobula complex in the central brain of silkmoth.
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visual modulation of pheromone-source localization. Note that although the visual processing path-
ways in the insect brains have already been reported in several other species, this study provided the
first comprehensive evidence for visual pathways in the silkmoth which is needed to be confirmed
to allow further speculation on the neural circuit underlying interaction between vision and olfaction
during pheromone-source localization. This speculation might provide a common ground plan for
multisensory integration during odor-source localization comprising substates of behavior.
In this section, firstly the visual processing pathways in the central brain will be discussed by
comparing the mass-staining results with studies in other insect species. Then, the neural circuits
underlying multisensory integration between visual and olfactory information during odor-source
localization will be speculated based on the staining result and biological background on olfactory
processing pathway.
4.6.1 Visual processing pathways in the silkmoth’s brain
In this studies, three main optic commissures which connects the two brain hemispheres have
been identified. The AOC links the optic lobe to the AOTu and the LAL in both hemispheres and
terminates in the lobula in the opposite optic lobe. The organization and neural connections of the
two parallel pathways related to this optic commissure, which connects the medulla and the lob-
ula to the AOTu, the LAL and the contralateral lobula, has been extensively studies in locust and
bumblebee (Homberg et al., 2003; Pfeiffer and Kinoshita, 2012). Neurons in this pathway carrie
information about polarized light and unpolarized light which is believed to be responsible for sky
compass navigation (Kinoshita et al., 2007; Pfeiffer and Homberg, 2002; Pfeiffer et al., 2005; Pfeiffer
and Homberg, 2007). They also send polarized light information to the LAL which is presumably
passes that information to the CC (Pfeiffer et al., 2005). Moreover, studies in bumblebee have shown
that neurons in anterior optic tubercle tract, which connect the lobula to the ipsilateral AOTu, are
sensitive to color and wide-field motion stimuli (Paulk et al., 2008, 2009). Note that in bumblebee the
lobula plate was merged with the lobula. Another study in the hawkmoth has suggested that neurons
in the AOTu are responsible for detection of a moving target (Collett, 1972). Besides the AOC which
lies along to dorsal edge of the midbrain, the results in this study suggest that the ipsi-and contralat-
eral LAL also receives visual projections via neural pathway in the inferior protocerebrum. Several
neurons with dendritic branching in the lobula plate and connections to the contralateral LAL and PS
have been reported in the silkmoth (Namiki et al., 2014). These neurons are highly likely sensitive
to wide-field motion stimuli due to their wide dendritic arbors in the lobula plate, a neurophil that
exclusively involves with optic flow processing (Borst et al., 2010). The same study also reported
neurons that connect the lobula complex to the LAL. Unfortunately their physiological properties are
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unclear.
On the other hand, the IOC sends projections to the opposite lobula and medulla with widely
extending arborizations in both areas. Based on its morphology (crossing the midbrain anteriorly
to the central body, wide arborizations in the lobula and the medulla with somata above the median
age of the lobula), it is tentatively determined to be the serpentine optic commissure which has been
identified in the honeybee, cricket and cockroach (Loesel and Homberg, 2001; Hertel et al., 1987;
Yukizane and Tomioka, 1995). A study in the cockroach also reveals an innervation in the LAL by
this commissure (Reischig and Stengl, 2002). It has been reported that neurons of the serpentine
commissure are involved in tracking of moving objects (Hertel et al., 1987; Loesel and Homberg,
2001). In this study, the result reveals neurons connecting the optic lobe to the contralateral VLP
which run through the IOC. Neurons in the ipsilateral VLP was also widely stained by the fluorescent
dye. Studies have identified optic glomeruli sited in the VLP, and it is believed that the functions of
these glomeruli are analogous to the antennal lobe glomeruli in the olfactory pathway in the sense
that they encode visual information from the optic lobe (mostly the lobula complex) and relay those
information to the other areas in the central brain via projection neurons (Mu et al., 2012; Otsuna
and Ito, 2006; Strausfeld and Okamura, 2007). It is reported that neurons in the lobula complex that
send projections to optic glomeruli respond to oriented bar motion (Okamura and Strausfeld, 2007),
looming motion (Wu et al., 2016), light flicker and wide-field motion without directional sensitiv-
ity (Douglass and Strausfeld, 1998). The local interneurons in optic glomeruli showed response to
looming stimuli and oriented bar motion (Mu et al., 2012; Okamura and Strausfeld, 2007).
The POC lies in the posterior protocerebrum, a brain region which is extensively targeted by
visual interneurons. This optic commissure has also been identified in cricket and cockroach (Roth
and Sokolove, 1975; Yukizane and Tomioka, 1995). It carries several different type of neurons which
respond to diverse types of visual stimuli. The neurons connecting the two medullas shows response
to stationary light and polarized light (Hertel et al., 1987; Loesel and Homberg, 2001), and some
of these neurons also have ramification in posterior protocerebrum (Loesel and Homberg, 2001).
Similarly, in the moth a similar type of neurons which links the two medullas and innervate both
the ipsi-and contralateral PS react to stationary light (Milde, 1993). Another study suggested that
the neurons that connects both medullas via the POC are involved with circadian coupling pathway
(Reischig and Stengl, 2002).
The PS is located in the ventroposterior protocerebrum, and brightly labelled by fluorescent
dye in this study suggesting a prominent area for visual processing. Studies in bee demonstrates
that visual interneurons projecting to the posterior central brain are predominantly motion sensitive,
whereas neurons projecting to anterior central brain are generally color sensitive (Paulk et al., 2008,
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2009). In the moth, medulla tangential neurons which run throught the POC and innervate both the
ipsi-and contralateral PS react to motion stimuli with directional sensitivity (Milde, 1993), and wide-
field motion-sensitive neurons in the lobula plate (horizontal cells) has axon terminals in posterior
deutocerebrum and the PS (Wicklein, 1999). The lobula plate tangential cells, which are believed to
be responsible for wide-field optic flow processing by binocular visual information, send projections
to the ventroposterior lateral protocerebrum and lateral deutocerebrum (Hausen, 1982; Krapp et al.,
2001; Strausfeld and Bassemir, 1985a), in which they likely innervate part of the PS. Moreover, a
study in the fly has shown that motion sensitive neurons in the medulla and the lobula complex have
diverse speed response and multiple spatiotemporal tuning which could consequently provides diver-
sity of speed selectivity to the descending neuron level (Douglass and Strausfeld, 2007; Horridge and
Marcelja, 1992). Besides motion sensitive neurons, the posterior protocerebrum region is also inner-
vated by neurons responsive to other type of visual simuli. In the bee, medulla neurons with wide
ramification in the medulla and terminations in the median posterior protocerebrum, likely the PS,
react to stationary light (Hertel and Maronde, 1987b). In the hawkmoth, looming-sensitive neurons
which receive inputs in the medulla, the lobula and the lobula plate have axon terminals in the ipsi-
lateral PS (Wicklein and Strausfeld, 2000). Other than receiving a variety of visual input from optic
lobes, the posterior protocerebrum and deutocerebrum also contains extensive dendritic arborization
of descending neurons to the motor control centers (Gronenberg and Strausfeld, 1990; Schro¨ter et al.,
2007; Strausfeld and Bassemir, 1985b; Strausfeld and Gronenberg, 1990).
Furthermore, this study reveals a visual connections to the ipsilateral MB, but no direct con-
nections to the CC. These two structures are believed to be responsible for higher order processing
relating to complex behavior, such as mulisensory integration, earning and memory, spatial naviga-
tion and locomotion control (Christensen, 2004; Heinze and Homberg, 2009; Pfeiffer and Homberg,
2014; Seelig and Jayaraman, 2013; Strausfeld et al., 2009; Strauss, 2002). In the bee, the calyx of the
MB receive color and visual motion information from the medulla and the lobula, and these pathways
are presumably related to visual learning and memory (Paulk and Gronenberg, 2008). Another study
has suggested the contribution of both the MB and the CC to aversive visual learning of colored light
with an operant conditioning paradigm (Plath et al., 2017). Meanwhile, it has been demonstrated that
there exist several neural tracts connecting the optic lobe to the calyx of the MB in the fly (Yagi et al.,
2016), and these visual interneurons are required for visual memories of color and brightness (Vogt
et al., 2016). On the other hand, although there are no direct connections from the optic lobes to the
CC, studies have shown that this structure are necessary for several visual-related complex behavior
(El Jundi et al., 2014; Kathman et al., 2014; Pfeiffer and Homberg, 2014; Plath et al., 2017).
Overall, the visual pathways identified in this study are reminiscent of those observed in other
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insects, suggesting that the organization and segregation of visual pathways found in the silkmoth
are common amongst species. This allow speculation on the interaction between visual and olfactory
processing pathway during odor-plume tracking of the silkmoth which is the main focus of this study
and will be discussed in the following section.
4.6.2 Neural circuits for multisensory integration during pheromone-plume tracking
The main purpose of this study is to elucidate the neural pathways underlying multisensory inte-
gration during pheromone-plume tracking behavior. The pheromone-triggered behavioral response of
the silkmoth to pheromone stimuli is divided into two phase: orientation toward odor source by surge,
and local search for additional pheromone cue by zigzagging. The surge is triggered when the moth
encounters pheromone cue, and the direction of surge is determined by the pheromone concentration
detected by the left and the right antenna (Takasaki et al., 2012). On the other hand, the zigzagging
is triggered after plume loss and the activity persists despite the absence of olfactory input. This se-
quence of pheromone-triggered behavioral response is reset whenever the moth encounters additional
pheromone cue. The behavioral study in chapter 3 has demonstrated that, besides the use of bilateral
olfactory information for determination of turn direction, the silkmoth also utilizes optic flow stimuli
to perform optomotor response for course stabilization. However, the similar mechanism was not ob-
served during zigzagging, during which the acceleration of optic flow speed prolongs the duration of
zigzag turns. Note that zigzagging is triggered by loss of pheromone cue, which means the olfactory
input is absent during this behavioral states.
The pheromone processing pathways of the silkmoth have been well documented (Haupt et al.,
2009; Sakurai et al., 2014). The olfactory receptor neurons in the antenna send pheromone signals to
the antennal lobes, a primary olfactory processing centers which is divided into two subregions: the
macroglomerular complex which specifically receives pheromone inputs, and the ordinary glomeruli.
The antennal lobe projection neurons pass pheromone information to the higher olfactory process-
ing centers by sending projections via antenno-cerebral tracts to the MB and the delta area of the
inferolateral protocerebrum (∆ILPC) (Seki et al., 2005; Kanzaki et al., 2003). Then, the SMP relays
information from the ∆ILPC to the LAL which is a premotor center (Namiki et al., 2014; Namiki
and Kanzaki, 2016a). Based on the current knowledge of the pheromone processing pathway and the
visual processing pathway described above in section 4.6.1, we speculated the neural circuitries un-
derlying the interaction between visual and olfactory pathways during surge and zigzagging, as will
be demonstrated below.
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Figure 4.15. Speculated neural circuitry underlying multisensory integration during pheromone-plume
tracking in the silkmoth. We proposed the existence of two distinct parallel pathways for locomotion con-
trol during surge. The first one is a reflex-like fast response pathway (light purple line) which directly
sends wide-field optic flow information to the descending neurons in the posterior slope (PS). Then, the
motor control signals is modulated by the descending command from higher-order processing regions for
an effective optomotor response (OMR) (pink and purple outlined areas). The central complex (CC), the
mushroom body (MB) and the lateral accessory lobe (LAL) participate in processing for effective optomo-
tor response with higher fidelity. The CC possibly receives wide-field optic flow input from the optic lobe
(OL) via the LAL, which comprises surge- and zigzagging-related subcircuits. The surge-related neural
subcircuit in the LAL receives visual motion inputs directly from the OL or via the anterior optic tubercle
(AOTu). The neural connections between the MB and the CC related to this mechanism have not yet been
identified, possibly via an indirect pathway through the superior medial protocerebrum (SMP) (pink lines).
The zigzagging-related neural subcircuit in the LAL is triggered by the absence of pheromone after the
exposure, and suppressed during surge. It is suggested that the bilateral connections with mutual inhibition
between the left and the right LALs inside this neural subcircuit alone might be sufficient for generation of
zigzag turns. However, the CC might also plays a role in determination of turn duration. The prolonging
of zigzag turn duration by the accelerated optic flow suggests a pathway conveying this visual information
from the OL to the LAL (green dashed line) either directly or indirectly. AL, antennal lobe; ∆ILPC, the
delta area of the inferolateral protocerebrum.
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4.6.2.1 Neural circuitry underlying multisensory integration during surge
Evidences show that insects perform both chemotaxis for pheromone-source orientation and
optomotor response for course stabilization during reiterative surge (Ando et al., 2013; Minegishi
et al., 2012; Murlis et al., 1992). The neural circuits underlying optomotor response have been ex-
tensively studied in the fly (see review in Borst et al. (2010) and Kim (2017)). It is reported that
neural circuit of lobula plate tangential cells which processes wide-field optic flow have direct synap-
tic connections with descending neurons in the ventroposterior part of the brain (likely the PS), and
these descending neurons either send the motor control signals to the motor centers in the thoracic
ganglion or directly connect to the neck motor neurons which control head movement (Strausfeld and
Bassemir, 1985b,c; Wada and Kanzaki, 2005). The results from Lucifer yellow backfills of the cervi-
cal connective and the 2nd CN, comprising neck motor neurons (Kanzaki et al., 2013), also reveal that
the ventral nerve cord descending neurons and neck motor descending neurons of the silkmoth have
dendritic arborizations in the ventroposterior part of the brain, including the PS (Fig. 4.9) (Mishima
and Kanzaki, 1999; Namiki et al., 2014). This direct pathway (Fig. 4.15, light purple line) is likely
responsible for a simple optomotor reflex, such as the head turning response to optic flow stimuli
without initiation of walking (unpublished observation, Poonsup Kono). A study has also shown that
neck motor neurons of the silkmoth react to optic flow stimulus with directional selectivity, despite
the absence of pheromone input (Minegishi et al., 2012). Note that the optic flow input alone does
not trigger initiation of walking in the silkmoth due to the absence of pheromone input.
However, the interaction between chemotaxis and optomotor response occured during surge
suggests a more complex neural networking underlying this behavioral state. More specifically, the
turning angular velocity is determined and modulated by both olfactory and visual information. It
is likely that the CC plays a crucial role in the integration of multisensory inputs for orientation
toward source, because it functions as a center for higher-order locomotion control and is required
for goal-oriented behavior and effective optomotor responses (Bender et al., 2010; Kathman et al.,
2014; Pfeiffer and Homberg, 2014; Strausfeld and Hirth, 2013; Strauss and Heisenberg, 1993; Strauss,
2002). Also, neurons in the CC display activity response to wide-field optic flow in the similar
manner to that of lobula plate tangential cells (Kathman et al., 2014) which suggests a neural pathway
conveying optic flow information from the lobula plate to the CC, possibly via the LAL which is
located near the CC and densely interconnected (Namiki et al., 2014; Pfeiffer and Homberg, 2014;
Namiki and Kanzaki, 2016b; Stone et al., 2017). Note that the LAL receives wide-field optic flow
information directly from the LoC (Namiki et al., 2014; Namiki and Kanzaki, 2016b) or indirectly
via the AOTu (Paulk et al., 2008) (Fig. 4.15).
Furthermore, studies in the fly have reported that olfactory inputs enhance the gain of yaw opto-
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motor response, and the MB is responsible for the olfactory-dependent modulation of this visuomotor
control without the need of visual input to this brain structure (Chow and Frye, 2008; Chow et al.,
2011). However, the neural pathway for modulation of optomotor control by the MB is still obscure.
The two plausible hypotheses are: 1) the modulation via a direct connection between the MB and
the CC, and 2) the modulation via an indirect connection through the SMP. For the first hypothesis,
the existence of a direct pathway between the MB and the CC is still controversial, as it has not yet
been found so far except for one report of a single neuron in monarch butterflies (Heinze et al., 2013).
The second hypothesis is more convincing because this indirect pathway is widely observed, and the
SMP also shows activity response to multisensory inputs including vision and olfactory (Kanzaki
et al., 2013; Pfeiffer and Homberg, 2014; Namiki et al., 2014; Strausfeld and Hirth, 2013). Also, it is
proposed that the SMP acts as a hub in the whole brain network of the fly (Shih et al., 2015).
The direct pathway conveying optic flow information from the lobula plate to descending neu-
rons in the PS might act in parallel to the pathway for effective optomotor response involving the
sensorimotor processing in the CC and the MB. The former pathway is responsible for generation of
a reflex-like fast command which would later be modulated by the latter pathway for generation of
complex locomotion control by integrating chemotaxis and optomotor response with greater fidelity.
The summary for multisensory integration pathway during surge is illustrated in Fig. 4.15 (pink and
purple lines). Note that a similar reflex-like fast response pathway related to pheromone processing
might also exist.
4.6.2.2 Neural circuitry underlying visual modulation of zigzag walking patterns
The zigzagging is triggered by the absence of pheromone input after the pheromone exposure,
and is suppressed by the presence of pheromone during surge. It is suggested that the sequence of
counterturns induced during this behavioral state correlates with flip-flop activity, switching between
low and high firing rates reminiscent of a toggle flip-flop in electronics, which is exhibited by descend-
ing neurons (Kanzaki et al., 2004; Haupt et al., 2009; Mishima and Kanzaki, 1998). The activity in
the left and right hemispheres are antiphasic, and the state transition between low and high firing
rates could simply be spontaneous (Kanzaki et al., 1991; Kanzaki and Mishima, 1996). Descending
neurons exhibiting flip-flop activity have dendritic innervations in the LAL (Kanzaki et al., 1994),
the brain structure that is believed to be responsible for generation of zigzagging behavior (or flip-
flop activity) as microsurgical ablation of the LAL commissure results in inability to initiate zigzag
walking (unpublished observation, Ryohei Kanzaki). It has been proposed that the flip-flop activity
is generated by bilateral connections between the LAL on both sides with mutual inhibition (Iwano
et al., 2010; Kanzaki et al., 2004). Due to the difference in activity responses (phasic response for
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surge, long-lasting response for zigzagging), the difference in visual modulation of behavior observed
in chapter 3 and the difference in descending pathways (surge and zigzagging commands are carried
by different groups of descending neurons, see Kanzaki et al. (2004, 2013) for review), it is speculated
that there are two neural subcircuits for surge and zigzag walking control sited in the LAL. Further-
more, studies have shown that some DNs showing long-lasting firing which send motor commands
from the LAL to the thoracic motor center do not have postsynaptic terminal in the PS (Mishima and
Kanzaki, 1999; Namiki et al., 2014), suggesting that these neurons do not received synaptic inputs in
the PS and this brain area might not involve in the generation of zigzagging (Fig. 4.15).
The role of the CC during zigzagging in the silkmoth is still unclear; however, a study has
suggested that blocking the synapses of certain neurons in the CC by genetic manipulation suppresses
the power-law distribution of walking interval during search (Martin et al., 2001), which is a temporal
property observed during odor tracking in the fly and during searching behavior in a wide range of
animal species (Bartumeus et al., 2005; Bartumeus and Levin, 2008; Edwards et al., 2007; Reynolds
and Frye, 2007; Viswanathan et al., 2008). This evidence suggests that the CC possibly plays a role
in determination of turn duration during zigzagging of which the function is to perform non-oriented
search.
The behavioral study in chapter 3 has shown that the optomotor response was not observed dur-
ing zigzagging. This might be due to: 1) the lack of direct inputs from the optic lobe to the descending
neurons via direct connections in the PS which is responsible for the reflex-like fast optomotor re-
sponse, and 2) the existence of different subcircuits for the surge and zigzagging in the LAL in which
the wide-field optic flow information was not input to the zigzagging-related subcircuit (Fig. 4.15).
Another plausible hypothesis is that the olfactory-dependent enhancement of optomotor response
by the MB is deactivated during zigzagging due to the lack of pheromone input, which weakened
the optomotor response to the level that was unobservable under the current experimental paradigm.
Meanwhile, the modulation of zigzag turn durations by accelerated optic flow was observed in the be-
havioral study (chapter 3) which suggests a neural pathway relaying this visual information from the
LoC to the LAL (Fig. 4.15, green dashed line). A previous study in the fly has found that neurons with
innervations in both the lobula and the lobula plate are sensitive to motion acceleration and deceler-
ation (Douglass and Strausfeld, 2007), but unfortunately the morphology of the motion-acceleration
sensitive neurons is unidentifiable because two neurons were stained in the same recording. As both
neurons do not send direct projection to the brain regions associated with generation of flip-flop ac-
tivity, we hypothesize that the motion-acceleration information might be conveyed to these regions
via optic glomeruli in the VLP.
It is worth noting that other than the modulation of behavioral response by mutimodal sensory
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processing in the higher-order brain regions, the internal states could also directly modulate the sen-
sory processing at the primary level. Studies have demonstrated that locomotion activities, walking
and active flight, modulated the response of lobula plate tangential cells by the endogenous release
of octopamine (Chiappe et al., 2010; Haag et al., 2010; Maimon et al., 2010; Suver et al., 2012).
Furthermore, recent studies have found an efference-copy pathway which internally estimates the
self-movement and modulates the activity of motion sensitive neurons in the lobula plate accordingly
(Fujiwara et al., 2017; Kim et al., 2015).
In this study, the neural circuits underlying multisensory integration during pheromone-plume
tracking of the silkmoth were speculated based on mass-staining results and reported evidences about
the visual processing pathways in other insect species. Further morphological and physiological
investigations are required to confirm this hypothesis and gain insight into the neural circuitry of this
complex behavior involving state-dependent modulation by multisensory information.
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CHAPTER 5
Computer simulation: From insect behavior toward robotic
applications
5.1 Introduction
In chapter 3, the use of optic flow during odor-source localization in the silkmoth, Bombyx
mori, was investigated by behavioral experiment. The study has elucidated the role of optic flow in
modulation of odor-source localization behavior during one cycle of the pheromone-triggered walking
pattern which consists of consecutive surge and zigzagging. The results suggested that the silkmoth
performs optomotor response during surge, but not during zigzagging, by modulating its turning
angular velocity in response to the speed of optic flow input. Meanwhile, the visual modulation with
totally different mechanism was observed during zigzagging. Specifically, the duration of zigzag
turns was modulated by transient optic flow while the turning angular velocity remained considerably
constant (see Fig. 3.11 in chapter 3). The ethological implications of these mechanism was speculated
in chapter 3, section 3.6.2.
The final goal of this study is to propose a silkmoth-inspired odor-source localization algorithm
with high efficiency. To that end, our first goal is to evaluate a reconstructed model based on behav-
ioral study in chapter 3 to test the efficacy and performance of the model when locating odor-source
from a far distance during which the silkmoth performs reiterative cycles of surge and zigzagging.
Unlike in behavioral study, the whole task of locating odor source was evaluated, not just one cycle
of the pheromone-triggered behavioral response. The two main purposes are to confirm the benefit
of optomotor response for course correction during surge and to test for the significance of visual
modulation during zigzagging. Because the optomotor response is believed to be a mechanism that
animals utilize to compensate for deviation from intended course (Borst and Bahde, 1987; Borst et al.,
2010; Lo¨nnendonker and Scharstein, 1991; Rock and Smith, 1986), the steering bias was introduced
in this study to simulate the perturbation in locomotion control. In realistic, this perturbation might
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be caused by an internal sensorimotor perturbation (e.g. bias in sensory detection and processing, or
bias in motor control) or external disturbances (e.g. unintended displacement by wind drift). Besides
the role of visual input, it has been suggested that in the silkmoth the turning direction of surge is de-
termined by bilateral odor concentration difference (Takasaki et al., 2012), i.e. a positive chemotaxis
or osmotropotaxis. To come up with highly efficient odor-source localization model, our second goal
is to evaluate the benefit of implementing the positive chemotaxis during surge and the combination
use of positive chemotaxis and optomotor response during the same behavioral state.
Figure 5.1. Illustrations for the structure of odor plumes. (A) Time-average Gaussian plume model. (B) A
meandering plume with intermittent internal plume structure, e.g. wind stirring, which results in fluctuation
of odor concentration.
Typically, the evaluation of odor-source localization models was conducted by using computer
simulation or robotic platform (Harvey et al., 2008; Li et al., 2001; Rutkowski et al., 2004). Due to the
complex and intermittent nature of the odor plume observed in the field, it is difficult to reproduce odor
plume with similar feature in the laboratory. Also, performance of the odor-tracking robot is partially
determined by the platform, e.g. hardware and sensor data acquisition, besides external stimulus con-
dition and odor-source localization algorithms. Therefore, computer simulation approach was taken in
this study. Furthermore, studies on nature of odor plume in the field suggest that its important features
are meanders and intermittency (fluctuating odor concentration within the plume body)(Fig. 5.1B).
The most simple and widely-used odor plume simulation models for estimating odor concentration
are the Gaussian plume models (Ishida et al., 1998; Jatmiko et al., 2005)(Fig. 5.1A). However, this
model only provides time-averaged concentration profile, not the instantaneous concentration which
is intermittent. It is evidenced that insects exploit the instantaneous concentration during odor-source
localization rather than time-average concentration (Elkinton et al., 1984; Murlis et al., 1992). There-
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fore, this model is considered not appropriate for the analysis of insect odor information. Another
alternative model is a so-called “filament-based atmospheric dispersion model” (Farrell et al., 2002),
which was used for odor-source localization simulation in several studies (Lof et al., 2007; Li et al.,
2001). This model incorporates both meanders and intermittency features of odor plume with a low
computational cost, and will used in this study.
To sum up, in this study the result from behavioral study on odor-source localization in chapter 3
and its ethologial implications were evaluated by a computational approach. To develop a biological-
inspired silkmoth-based algorithm for odor-source localization, the role of stereo olfaction during
surge was investigated. Furthermore, the combination use of optic flow and stereo olfaction during
surge was evaluated to elucidate the benefit of multisensory integration during odor-source local-
ization. This study contributes to development in both biology and engineering by deepening our
understanding of odor-source localization behavior in the silkmoth (biological contribution), and also
providing a promising odor-source localization model for implementation into robotic applications
(engineering contribution).
5.2 Aims
The first aim of this study was to evaluate the role of optomotor response during surge and visual
modulation of zigzag turn duration observed in the behavioral study in chapter 3 by using computer
simulation. The second aim was to develop a highly efficient odor-source localization model. In
order to accomplish this goal, the role of stereo olfaction for a positive chemotaxis during surge was
examined. Also, to understand the benefit of muti-sensory integration during odor-source localization,
the use of optomotor response and chemotaxis in combination during surge was evaluated. Finally,
we proposed a silkmoth-inspired odor-source localization model based on the result from this study.
5.3 Hypotheses
The behavioral study in chapter 3 has demonstrated that visual modulation of pheromone-
triggered behavioral response is behavioral-state dependent. Specifically, the role of optic flow was
prominent during surge behavior, in which the silkmoth uses optic flow to perform optomotor re-
sponse. This mechanism facilitates accurate steering toward the odor source by using optic flow input
as a visual feedback to compensate for deviation from intended course. Therefore, we hypothesized
that the use of optomotor response during surge would improve the performance of the searcher in
locating odor source with motor perturbation (simulated by applying steering bias). The behavioral
study also suggests a visual modulation of zigzag walking pattern. However, it seemed like the tran-
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sient feature of optic flow was a key stimulus that triggered this modulation of behavior. The function
and benefit of this modulation are still obscure. As zigzagging is served as a local search upon loss of
pheromone contact, the accurate orientation might not be definitely imperative. Therefore, we hypoth-
esized that optic flow does not play a significant role during zigzagging, and the visual modulation of
zigzag pattern would not improve the performance of odor-source localization.
It is suggested that the silkmoth performs a positive chemotaxis during surge by determining
the turn direction based on bilateral olfactory input (a.k.a. stereo-olfaction) (Takasaki et al., 2012).
The positive chemotaxis by using stereo olfaction is a common odor-source orientation strategies
observed in several animal species (Gomez-Marin et al., 2010; Louis et al., 2008). As the role of
surge is to reorient toward the odor source (Murlis et al., 1992), we hypothesized that implementing
the positive chemotaxis during surge would enhance the odor-source localization performance of the
searcher. Due to the benefit of positive chemotaxis and optomotor response on locating odor source
by provide a strategy for odor-source orientation and course correction respectively, we speculated
that the combination use of these two strategies would yield an even better surge algorithm, which
consequently enhances the efficiency of the odor-source localization model.
To sum up, the working hypotheses that we explored in this study are listed below. The first two
hypotheses was addressed for evaluation of behavioral study’s result, while the third and the fourth
hypotheses was addressed in an endeavor to improve the odor-source localization model based on the
behavioral study.
1. Optomotor response is necessary only during surge, but not during zigzagging.
2. Visual modulation of zigzag pattern does not significantly improve efficiency of odor-source
localization.
3. Positive chemotaxis improves the performance of surge, and consequently odor-source local-
ization.
4. The cross-modal interaction between vision and olfactory inputs during surge facilitates odor-
plume tracking behavior.
5.4 Summary
In this study, a computer simulation approach was implemented in order to (1) evaluate
the state-dependent visual modulation of odor-plume tracking observed in the behavioral study in
Chapter 3, and (2) to investigate the role of positive chemotaxis during surge and assess the benefit
of multisensory information during odor-source localization which allowed further improvement of
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odor-plume tracking model. Several odor-plume tracking models with or without the use of optic
flow and bilateral olfactory processing were evaluated and compared under two different odor plume
conditions and five biased steering levels. The abundant and scarce odor cue conditions was used
to allow evaluation of surge and zigzagging algorithm separately, and the manipulation of turning
bias allowed evaluation on the effectiveness of each model to deal with perturbation in sensorimotor
system (Ando et al., 2013; Emoto et al., 2007; Kanzaki et al., 2013). The results have confirmed
that optic flow is only required during surge but not zigzagging, and the visual modulation of zigzag
pattern observed in the behavioral study in Chapter 3 did not significantly alter the performance of
odor-source localization. Also, the use of bilateral olfaction for positive chemotaxis (osmotropotaxis)
during surge improved the performance of locating source significantly, and the combination use
of optomotor response (by using optic flow input) and osmotropotaxis (by using bilateral olfactory
inputs) during surge yielded an algorithm with higher adaptability due to the less dependency to any
single modality. Overall, these results supported our hypotheses described above. The contents of
this chapter will be fully publicized in March 2023 due to the ongoing process of journal submission.
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CHAPTER 6
Conclusions and future work
6.1 Conclusions
In this dissertation, how the male silkmoth, Bombyx mori, utilizes visual information during
pheromone-source localization was investigated by taking biological and computational approaches.
In response to the pheromone stimulus, the moth initiates a programmed walking pattern consisting of
consecutive surge and zigzagging. It is believed that the function of the surge is to reorient toward the
pheromone source, while zigzagging is initiated after plume loss and its function is to perform local
search in an effort to regain contact with pheromone plume. Due to the differences in function and
mechanism of these two sequential behavioral states, we hypothesized that optic flow plays different
roles during surge and zigzagging. To address this hypothesis, the behavioral response to optic flow
and pheromone stimuli was examined by conducting experiments on tethered silkmoths. As a result,
the state-dependent uses of optic flow was confirmed, and an odor-plume tracking model was proposes
based on the results of this behavioral study. To shed light on the neural mechanisms underlying this
behavior, the visual pathways in the silkmoth’s brain was investigated by mass-staining the optic lobe.
Based on the experimental results and literature review for supporting evidences, the neural circuits
underlying locomotion control during surge and zigzagging was speculated. Lastly, the efficiency
of odor-plume tracking model, proposed in the behavioral study, was evaluated by using computer
simulation. The aims of this simulation study is not only to confirm the benefit of state-dependent
use of optic flow, but is also to gain insight into how the visual and olfactory information should be
utilized during different sequential states of surge and zigzagging in order to come up with the most
robust and efficient algorithm for odor-source localization.
In the behavioral study, the role of optic flow during pheromone-plume tracking was examined
by tracking the movement of tethered silkmoths in response to open- and biased closed-loop optic
flow. When presented with a horizontally moving grating pattern in combination with continuous-
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pulsed pheromone, which elicited reiterative surge, the silkmoth performed optomotor response in
the manner that the turn direction and turning angular velocity was determined by the direction and
moving speed of grating pattern. The similar behavior response was observed in both open-loop
and biased closed-loop experiment, suggesting that the constant optic flow is a key component of
moving visual stimulus that triggered this behavioral response. On the other hand, after the initiation
of walking was elicited by using a single-pulsed pheromone, the zigzagg walking pattern was not
altered by presentation of open-loop optic flow but it was modulated when biased closed-loop optic
flow was presented. Specifically, the moth increased duration of the turn of which the direction was
opposite to that of optic flow, whereas the turning angular velocity was tentatively constant during
consecutive turns. The behavioral analysis suggested that this modulation of zigzagging pattern was
induced by a transient component of motion visual stimuli, i.e. onset optic flow or acceleration visual
motion. Based on the results, we speculated that optomotor response was evoked only during surge
because it provided a mean for course stabilization which was necessary for goal orientation task,
unlike a local search during zigzagging. Nevertheless, the benefit of modulation of zigzag walking
pattern was unclear. Our novel finding is that the effect of optic flow on behavioral response not
only depends on locomotion state (resting, walking and flying) and behavioral state (odor source
localization and collision avoidance), but is also altered by the sequential states of behavior (surge
and zigzagging).
The state-dependent use of optic flow observed in behavioral level suggests the existence of
different neural circuits underlying behavior during surge and zigzagging. To shed light on multi-
sensory integration and locomotion control circuitry during pheromone-plume tracking, the visual
processing pathway in the silkmoth’s brain was examined by mass-staining the optic lobe, a primary
visual processing center. The results revealed several neural pathways connecting the optic lobe to
other regions in the central brain. Specifically, three main visual commissures connecting both hemi-
spheres have been identified: anterior optic commissure (AOC), inferior optic commissure (IOC) and
posterior optic commissure (POC). Visual projection neurons densely innervated the ventroposterior
part of the brain, especially the posterior slope (PS). There were also neural connections to several
other regions which were anterior optic tubercle (AOTu), lateral accessory lobe (LAL), ventrolateral
protocerebrum (VLP), mushroom bodies (MB) and the opposite optic lobe (OL). This is the first
comprehensive evidence on visual pathways in the silkmoth brain which was reminiscent of visual
pathways observed in other insect species. Based on the result and literature review, two neural cir-
cuitries underlying behavioral response during surge and zigzagging were speculated. During surge,
other than a reflexive optomotor response by a direct pathway connecting motion-sensitive interneu-
rons to descending neurons, the moth accomplishes an efficient optomotor control by sensorimotor
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processing at a highderer order processing level involving the central complex (CC) and mushroom
bodies. Meanwhile, without the presence of olfactory input during zigzagging, the influence of visual
input becomes less prominent. The neural circuit in the LAL alone is presumably sufficient for gen-
erating programmed zigzag walking. Further study on morphological and physiological properties
of neurons relating to the proposed neural circuitries would yield a more conclusive insight into the
neural mechanisms underlying this behavior.
The efficiency of odor-plume tracking algorithm based on behavioral study was evaluated by
computer simulation. The behavioral response to specific patterns of pheromone and optic flow was
examined in the behavioral experiment; however, the capability to locate source could not be evalu-
ated by using that experimental paradigm. The computer simulation approach was chosen to fulfill
this purpose. In this study, the manipulation of steering biased gain was introduced to allow evaluation
on the capability of each plume-tracking model to deal with perturbation in sensorimotor system. The
result showed that performing optomotor response during surge significantly improve the odor-source
localization performance; however, the use of optic flow during zigzagging did not significantly yield
better results. Thus, this result suggested that modulation of zigzag walking pattern by onset optic
flow yield no obvious benefit. Other than performing optomotor response during surge, the results
show that osmotropotaxis (orientation toward the direction with higher odor concentration) during
surge also significantly enhanced the performance by increasing the capability to track plume with
high temporal fluctuation (a characteristic of odor plume close to source) and to deal with perturba-
tion in sensorimotor control. When combining these two mechanisms, a high success rate of locating
source was obtained without the need of strong sensory gains, suggesting that a robust and efficient
odor-plume tracking algorithm with less dependency to single sensory input and less susceptibility
to uncertainty could be achieved by implementing both optomotor response and osmotropotaxis dur-
ing surge. Based on the result from simulation study, we proposed a silkmoth-inspired odor-plume
tracking algorithm in which the searcher performed reiterative surge based on multi-sensory informa-
tion during odor-source orientation and pre-programmed zigzagging when losing contact with odor
plume.
In this dissertation, interdisciplinary approaches have been taken in an endeavor to elucidate
the roles of visual and olfactory inputs during pheromone-plume tracking in the silkmoth. Imple-
mentation of biological and engineering approaches enabled us to investigate different aspects of a
research problem. In behavioral level, our finding provides a first evidence for dynamic use of optic
flow during the pheromone-triggered behavioral response comprising two different sequential behav-
ioral states: surge and zigzagging. Further study in neural network level shed light on the neural
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circuitries underlying this state-dependent sensorimotor control, and its benefit on the performance
of odor-source localization has been demonstrated in the computer simulation study. Moreover, eval-
uation of plume tracking models by computer simulation allowed development for highly efficient
and robust algorithm. This study contributes to a better understanding of a biological mechanisms
underlying pheromone-plume tracking in both behavioral and neural levels, and also contributes to
the development of odor-plume tracking algorithm for robotic applications.
6.2 Future work
This dissertation has elucidated the role of optic flow input during odor-source localization in the
male silkmoth through a behavioral study, a neuroanatomical study and a computational simulation
study. To deepen our understanding about the behavioral and neural mechanisms underlying this
behavior and to reconstruct a more comprehensive odor-plume tracking model, several other related
problems are needed to be explored which will be discussed below.
6.2.1 Behavioral level
In the behavioral study, the experiment was conducted on tethered male silkmoths to investi-
gate how they react to a combination visual and olfactory stimuli when performing one sequence of
pheromone-triggered behavioral response, comprising surge and zigzagging. When locating pheromone
source, this sequential behavior is needed to be reiteratively performed until the moth reaches the odor
source, i.e. a female moth. Unlike in our experiment, the nature of the real odor plume is fluctuated
and intermittent which is a challenging problem for odor-source localization which moths could over-
come. Investigating the performance of the free-moving moths would lead to greater understanding
about the role of optic flow during odor-source localization. However, one significant limitation of
this type of experiment is that it is difficult to fully control the visual environment of the free-moving
insects. Nevertheless, another research work has provided a solution to this problem. Implementa-
tion of an insect-controlled robot, a mobile robot driven by an actual insect (Ando et al., 2013; Ando
and Kanzaki, 2015; Kanzaki et al., 2013), would allow the investigation of the effect of optic flow
on odor-plume tracking behavior when performing in the real plume environment. A study had at-
tempted to address this question by examining the performance of silkmoth-driven mobile robot when
a motor steering bias was imposed (which is comparable to biased closed-loop optic flow treatment
in our behavioral experiment), and the result revealed that bilateral olfaction and vision are required
to overcome this imposed motor perturbation (Ando et al., 2013). In this case, due to the complexity
of the closed-loop visual information extracted from the real-world scene, it was difficult to analyze
the effect of visual input and to gain a quantitative result. To overcome this problem, an experiment
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which is comparable to open-loop optic flow treatment in our behavioral study could be carried out by
covering the moth’s visual field with a portable visual display, such as a LED screen, which enabling
full control and manipulation of the visual stimulus during odor-plume tracking.
Other than the role of optic flow during odor-source localization, a mechanism underlying posi-
tive chemotaxis by bilateral olfaction and how it interacts with optomotor response by optic flow have
not yet been addressed quantitatively. A study has demonstrated how the silkmoth determines its
surge direction (left/right) based on the spatial and temporal difference between pheromone informa-
tion perceived by the left and the right antennae (Takasaki et al., 2012). A more quantitative study is
required to demonstrate how the turn angle of surge is determined by bilateral pheromone inputs and
how the moth compromise its behavioral response to simultaneously presented pheromone and optic
flow stimuli when their directions coincide or oppose. Also, how the pheromone exposure modulates
subsequent pheromone response, i.e. adaptive threshold, is also an attractive topic for future study.
In addition, the current measurement and data analysis methods of zigzagging behavior may
need to be reconsidered. In this dissertation, only the first four turns of zigzagging were taken into
consideration which is a conventional approach for studying zigzagging walking behavior of the male
silkmoth (Kanzaki et al., 1992; Kanzaki, 1998). However, a statistical modeling, such as random
walks and Le´vy walks, which has been commonly used to model animal movement behavior (Berg,
1993; Codling et al., 2008; Bartumeus and Levin, 2008; Edwards et al., 2007; Leos-Barajas et al.,
2017; Viswanathan et al., 2008; Yang and Deb, 2009) would provide a more general computational
framework for data analysis and modeling of zigzagging behavior.
Lastly, although only the exploration and odor-plume tracking stages of odor-source localization
are the main focus of this study, the source declaration is also another crucial process which has not
yet received much attention from researchers pursuing studies on odor search strategies in biological
systems. Multisensory integration for source declaration and switching from odor-plume tracking to
source declaration mode are interest topics to be explored for comprehensive understanding of odor-
source localization in animals and also to propose a complete algorithm for odor-source localization
to be used in robotic applications.
6.2.2 Neural network level
In this dissertation, we have speculated a neural circuitry underlying multisensory integration
between vision and olfaction during odor-source localization. However, the speculations were based
on neuroanatomical and neurophysiological evidences observed in various insect species, especially
the speculations regarding visual pathway and optomotor control related pathway. Therefore, the
morphological and physiological characteristics of each neuron in these pathways have yet to be
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confirmed in the silkmoth, possibly by intracellular recording or calcium imaging.
Focusing on the pheromone-triggered behavioral response pathway, a neural circuitry underly-
ing locomotion control during surge and zigzagging in the lateral accessory lobe (LAL), a premotor
center in the silkmoth brain, has yet to be investigated more extensively. Based on our study, we
suggested that there are two neural subcircuits for surge and zigzagging; however, the existence of
these two subcircuits and how they interact with each other have yet to be addressed, possibly by
conducting neurophysiological investigation of the LAL interneurons. Furthermore, although it is
obvious that the silkmoth performs optomotor response during surge, of which the underlying neural
circuit has been widely studied, the neural pathway and mechanism underlying modulation of zigzag
turn duration by accelerated optic flow have yet to be identified.
Lastly, as several studies has shown that locomotion states could modulate the visual response
of motion-sensitive interneuron in the optic lobe which is a primary visual processing center(Chiappe
et al., 2010; Maimon et al., 2010), there is a possibility that olfactory input could modulate the activity
response at the primary sensory processing level as well. This hypothesis could be addressed by
recording response of motion-sensitive interneurons in the lobula complex when giving visual and
olfactory stimulations simultaneously.
6.2.3 Simulation and modeling
In this dissertation, the odor-source localization performance of the odor-plume tracking model
proposed based on the behavioral study was evaluated by using computer simulation, due to time
limitation of this study. However, the simulation result has yet to be verified by comparing to the
performance of the actual silkmoth performing odor-plume tracking in the real pheromone plume.
One of the alternative approach that would allow such kind of verification is to implement the insect-
controlled mobile robot as described above. Although the result from a previous study on this insect-
machine hybrid system (Ando et al., 2013) supports our finding that visual and olfactory input is
required to overcome the imposed steering bias and similar search trajectories were obtained, it is
necessary to conduct the experiment on both systems with the comparable experimental design and
parameter setting to allow direct comparison for verification of the simulation result.
Further consideration regarding the zigzag algorithm is that the silkmoth tends to perform
zigzagging without net progress which might be an optimal strategy for the silkmoth or might be
due to the trade-off between efficiency of mating behavior and predation risk. However, in robotic
applications this algorithm might not be the most appropriate strategy for environment exploration to
search for further odor cue when losing plume contact. Also, at the beginning of odor-source localiza-
tion task the silkmoth waits for pheromone input before initiating the innately programmed walking
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pattern, and it does not start exploring the environment prior to pheromone exposure. However, for
robotic applications, waiting for input information might not be the best strategy to adopt depending
on the task at hand. Also, in our proposed algorithm the searcher would stop moving when it could not
detect further odor cue even after performing four zigzag turns which is, similarly as above, might not
be the most appropriate algorithm for the exploration. Instead, a spiraling strategies (Lilienthal et al.,
2006; Voges et al., 2014) or Le´vy walk (Edwards et al., 2007; Viswanathan et al., 2008) might be
performed after zigzagging to allow widening of the search area to facilitate environment exploration
and increase the odds of detecting further odor cue.
It is important to note here that it has been proposed that wing fanning, which is triggered
during odor-plume tracking of the silkmoth, facilitates detection of pheromone only when facing
upwind (Ishida et al., 1995) and also enhance pheromone interception by antennae (Loudon and
Koehl, 2000). This active sensing strategy should be taken into considertion when reconstructing a
mobile robot for odor-source localization.
Lastly, as mentioned in the beginning of this dissertation, we only focused on the exploration
and the odor-plume tracking stages of odor-source localization in our study. However, to reconstruct
a comprehensive model for odor-source localization an appropriate strategies, depending on the task
at hand, for the source declaration is needed to be considered as well. For example, if the task is to
locate the site for toxic chemical leakage, there will be no visual cue to guide the direction toward
the chemical source and the only available information is the gradient change of odor concentration.
However, if the task is to locate the odor source of which the appearance is known beforehand,
it is possible to utilize both visual target cue and olfactory cue to locate the odor source. In case of
sound localization, the cricket switches between tracking attractive sound and visual targets when both
sensory cues are presence at the same time (Webb and Harrison, 2000). This could be an alternative
strategy to be implemented for odor-source localization as well.
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